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SUMMARY
My Ph.D. research interfaces additive manufacturing and microfluidics with microwave
and radio frequency (RF) electronics to provide a novel low-cost flexible and reconfigurable
solution for Internet-of-Things (IoT). Microfluidics, an emerging technology which allows
the precise control of an extremely small amount of liquid with tiny channels, can be used
in IoT applications to achieve Lab-on-Chip (LoC) functionality and an extraordinary re-
configurability. Microwave structure is very sensitive to the surrounding environment and
thus is excellent to be sensors, while passive radio frequency identification (RFID) provides
low-cost zero-power solution to wireless liquid sensing. This work has developed various
proof-of-concept disposable wireless liquid sensors and RFID-based sensing platforms for
LoC applications. To realize an excellent reconfigurability low-costly and compactly, this
research also has studied new reconfigurable RF integration topologies by integrating mi-
crofluidic channels and dielectric or conducting liquids. In order to significantly decrease
the production time and cost, and thus to enhance the ubiquitous smart items, this research
studied additive manufacturing (AM) in IoT applications. This research has been explor-
ing the possibility of replacing the conventional electronics and microfluidics fabrication
methods with cost-effective additive manufacturing methods such as inkjet-printing and 3D
printing. This work presents first-of-its-kind, cost-effective, rapid, low-temperature, and
environmental-friendly AM fabrication methods for various reconfigurable antennas or mi-
crowave components, wearable sensors, and sensing platforms. In summary, this research
focuses on utilizing new AM fabrication techniques and novel microfluidics topologies to





Internet-of-Things (IoT) and smart objects under this concept, such as smart environment
and smart health, have drawn a lot of attention from the research community and the in-
dustry recently and have started utilizing an amazing variety of emerging technologies.
The objective of the proposed research is to interface additive manufacturing (AM) and
microfluidics with microwave and radio frequency (RF) electronics to provide a novel low-
cost flexible and reconfigurable solution for IoT.
Microfluidics, an emerging technology which allows the precise control of a small
amount of liquid with small fluidic channels, can be used in IoT applications to achieve
Lab-on-Chip (LoC) functionality and extraordinary reconfigurability. On the one hand,
this work has developed various proof-of-concept disposable microwave liquid sensors and
sensing platforms for LoC applications. On the other hand, new reconfigurable RF inte-
gration topologies by integrating microfluidic channels and dielectric or conducting liquids
are studied for reconfigurability at low-cost and compact size.
One of the critical requirements of ubiquitous smart items is to enable on-demand pro-
duction while significantly reducing the production time and cost. Therefore, my research
applies additive manufacturing in IoT by exploring the possibility of replacing the con-
ventional electronics and microfluidics fabrication methods with cost-effective on-demand
additive manufacturing methods such as inkjet-printing and 3D printing, which results in
the first-of-its-kind, cost-effective, rapid, low-temperature, and environmental-friendly AM
fabrication methods for various reconfigurable antennas or microwave components, wear-
able sensors, and sensing platforms.
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In summary, this research focuses on utilizing new AM fabrication techniques and novel
microfluidics-based microwave topologies to provide a low-cost, flexible, and scalable so-
lution for wireless sensing and IoT applications.
1.2 Thesis Outline
This thesis is organized in the following way:
1. Chapter 2 provides background and comparison to this work by introducing the
microfluidics-based microwave structures in prior art and the state-of-art fabrication
process for both electronics and microfluidics.
2. Chapter 3 illustrates novel additive manufacturing approaches for electronic devices
with microfluidics structures, including inkjet printing and 3D printing.
3. Chapter 4 presents the design and performance of various microwave liquid sensors
for smart health and IoT applications based on microfluidics structures along with
antennas integrated with microfluidics structures featuring reconfigurability in radi-
ating frequency, gain, and radiation pattern.
4. Chapter 5 discusses the wireless microfluidics-based liquid sensing platforms that
utilize RFID and chipless RFID configurations.
5. Chapter 6 demonstrates a reconfigurable antenna integration topology, the origami
antenna tree with liquid metal.
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CHAPTER 2
REVIEW OF MICROFLUIDICS IN MICROWAVE AND ITS FABRICATION
PROCESS
This chapter provides a background of the whole Ph.D. thesis research by firstly intro-
ducing the microfluidics-based microwave structures in prior art, usually in the form of
liquid sensor or reconfigurable components, and then the state-of-art of both conventional
methods and novel AM fabrication processes for microwave electronics and microfluidics.
2.1 Intersection between Microfluidics and Microwave
As a tool to manipulate tiny quantities of liquids, microfluidics technology has been widely
used in biomedical sensing, chemical assay, manufacturing control, and other lab-on-chip
applications since early 1990s[1, 2]. A lot of research effort can be found in applying mi-
crofluidics in chemical/ biological sensing, cell culture [3, 4], drug delivery[5], material
synthesis[6], microfabrication[7], and optics[8], because the small liquid amount leads to
a reduced cost, faster assays, compact size, less waste, higher data quality, and easy au-
tomation. While microfluidics researches on fluid flows and design of components such as
conduits, valves, pumps, mixers, interconnects on micrometer length scales, microwave in-
volves electromagnetic wave with a wavelength ranging from meters to millimeters. Due to
their ”micro”/compact nature, microwave and microfluidics have been combined recently,
for liquid sensing and reconfigurable RF electronics applications. This section provides
the background of intersection between microfluidics and microwave in two aspects: liquid
sensors and reconfigurable components.
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2.1.1 Lab-on-Chip and Wireless Liquid Sensing
Lab-on-chip (LoC) and wireless liquid sensing aim to minimize and simplify the process
of liquid analysis to improve the practice of various industries such as distributed health-
care, food quality monitoring, and environmental hazard detection. To fulfill the growing
needs of portable and low-cost liquid sensors for liquid analysis and monitoring, various
RF and microwave structures have been utilized to sense the electrical properties of the test
liquids, accurately, labels-freely, noninvasively, and without contact. With these structures,
the liquid content can be detected without any markers or modification; thus, this approach
effectively avoids contamination to the samples and saves the testers’ time as well as ef-
fort. Moreover, as the sensing information is read with a RF/microwave signal which is
ready to be sent out, real-time monitoring and wireless sensing can be easily realized with
RF/microwave sensors. Furthermore, both microfluidics and microwave structures feature
a minuscule approach that excellently fit the concept of Lab-on-Chip: microfluidics en-
sure the small test volume needed, and microwave structures are in the scale of wavelength
(from meters to millimeters).
Figure 2.1: Permittivity-based microwave sensing mechanism.
Permittivity-based sensing
Permittivity is one of the most common parameters used in liquid sensing. In the natu-
ral environment, liquids have a wide permittivity distribution at microwave frequencies as
shown in Table. 2.1. Moreover, by varying mixing ratios, mixtures of two or more fluids
can feature a wide range of continuous permittivity change[9, 10]. Similarly, if any solute
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is added to the solvent, the permittivity of the solution changes depending on the concentra-
tion of the solute[11]. For example, fat content in milk[12] and fermentation of wines[13]
can be easily monitored by the permittivity value; contamination of groundwater can be
detected by an abnormal imaginary part of complex permittivity value[14]. Furthermore,
for various temperature, liquids may have different permittivity values [15]. Thus, if a de-
vice is capable of detecting small changes in permittivity values of a liquid solution and its
environment, it may deduce a significant amount of information about it.
Table 2.1: Permittivity of different fluids at around 3 GHz and 300 K[16, 17, 18, 19]
Name Permittivity
Real part Imaginary Part





Microwave structures are sensitive to the permittivity of the dielectric liquids, as phase






where µo and ε0 are permeability and permittivity of vacuum while µr is the relative per-
meability. In Maxwell’s equations, the displacement field (D) is strongly related to the
permittivity of the material:
D = ε0εrE (2.2)
Thus, in sensor design, the microfluidic channel is favorable to be in a strong E-field to
maximize the sensitivity. In the perspective of equivalent circuits of microwave structures,







where A is the plate area and d is the distance between the two plates.
Broadband Permittivity Spectroscopy
Broadband permittivity spectroscopy is usually used in characterizing the material’s
complex permittivity value which can bring a rich set of information about the liquid
over an extensive frequency range. These methods usually use very simple microwave
structure such as a coplanar waveguide (CPW) line [20, 21]. However, the two port com-
plex S-parameters need to be measured, which means expensive measurement devices and
time-consuming data processing are required, bringing troubles to the real-time monitoring.
Therefore, broadband permittivity spectroscopy is mostly used in material characterization
instead of sensing applications.
Resonators in sensing
Different kinds of resonators have been applied in characterizing or sensing the permit-
tivity of liquids, because the resonant frequency, peak attenuation, and bandwidth of res-
onators can adequately reflect the complex permittivity of the materials. Compared to the
broadband permittivity spectroscopy method, the resonant frequency shift and the change
of Q factor are much easier to observe, and the relation between complex permittivity and
these parameters is more straight-forward. For a resonator, the resonant frequency is de-






Combining with equation 2.3, it’s obvious that an increase in relative permittivity will lead
to an increase in capacitance and a decrease in resonant frequency. Similarly, a larger
imaginary permittivity or loss tangent means the material is lossier which leads to an in-
creased bandwidth (or decreased Q factor) and a smaller maximum attenuation. One thing
to mention is that as a increased value of the real part of the complex permittivity leads to
a increase in the intensity of the E-field as shown in equation 2.2, so the Q factor increases
in this situation. Consequently, the variation in Q factor should be considered comprehen-
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sively.
Dielectric cavity resonators and waveguide resonators have been well researched due to
their straight-forward designs[22, 23]. But they feature a large size and require a significant
amount of liquid, which conflicts with the principle of LoC. Planer resonators, such as split
ring resonators (SRR) [24] and stub resonators [25], have been used in microwave sensing
recently, which feature much more compact sizes and more accurate detection with a small
amount of liquid. Therefore, the planer resonator fits LoC and wireless sensing better.
2.1.2 Reconfigurable Microwave Components
Microwave electronics are key elements in the wireless communication systems based on
the electromangnetic wave. As people daily life are highly rely on wireless communica-
tion, such as cell phones, microwave components and systems with better performance and
lower cost can significantly improve people life quality and shorten the distance between
individuals. Base on that, reconfigurable microwave passive components have been investi-
gated heavily recently as they can efficiently adapt to the dynamic environment or varying
requirements so that they reduce the number of components needed as well as the area
used.
Regular RF-MEMS
Radio Frequency Micro-Electro-Mechanical Systems (RF-MEMS) were first introduced
less than 20 years ago but have gained popularity very fast and have already been under a
spotlight [26]. Nowadays, most tunable RF designs are based on MEMS devices such as
RF-MEMS varactors and RF-MEMS switches[27, 28]. MEMS switches are very promis-
ing devices in reconfigurable RF circuits such as antennas [27], filters [28], and metamate-
rials [29], as they can enable better performance regarding loss, isolation, linearity, power
consumption, and compatibility with integrated circuits.
However, MEMS have a fatal “flaw” that they are costly due to the cleanroom-required
high-cost fabrication process. MEMS usually feature a minimal size (e.g., nanometer to
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micrometer) and can only operate appropriately within nano- or micro- scale. These tiny
features in the MEMS require an ultra-high-resolution dust-free fabrication. Silicon-based
photolithography, which is known for its high performance and high cost, is still the pri-
mary fabrication method to MEMS devices. Besides the cost, the power handling capability
of traditional MEMS devices is limited. Moreover, because rigid materials, such as silicon,
are used in most cases, these devices are not suitable for flexible design in conformal or
wearable applications. Therefore, researchers have been developing various novel recon-
figurable components, such as those based on liquid and microfluidics [30], for low-cost
IoT applications.
Based on conductive liquid
Liquid metal alloy (LMA) has been used in reconfigurable microwave structures due to
its excellent flexibility and its fluid nature. The most popular LMA is Eutectic Gallium-
Indium (EGaIn), a non-poison alloy with 75%wt Gallium and 25%wt Indium, which fea-
tures a 15.5 ◦C melting point, and a 29.4×10−6Ω·cm resistivity that enables high-performance
electronic designs [31]. The bulk viscosity of EGaIn is 1.9910 mPa*s (twice of water, one
4000th of ketchup), which enables trouble-less flowing in the channels.
Unlike all solid materials, liquid metal is stretchable with literally no failure point due
to its liquid nature, which is only limited by the channel’s / container’s stretchability. Thus,
LMA devices enable a “never-fail” bending and a constant self-healing even if cracks occur
under extreme bending conditions. Based on microfluidics channel and the stretchable
property of LMA, stretchable and flexible reconfigurable antennas are reported [32, 33, 34],
in which the physical length of the LMA conductor can be tuned by stretching/releasing
the structure.
Another approach is adding a channel for the LMA to a specific microwave structure to
shorten the original circuit, to couple the EM field, or to change the electrical length [35, 36,
37].One most considerable challenges is that Gallium quickly oxidizes when exposed to air,
an effect that could prevent the proper flow of LMA. To dissolve/avoid the oxidation skin of
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the EGaIn, a sodium hydroxide (NaOH) solution can be circulated inside the microfluidic
channel before it is filling with EGaIn.
Based on dielectric liquid
Besides conductive liquid, dielectric liquids are also used in tuning the microwave de-
vices with two primary approaches. Firstly, as discussed in section 2.1.1, the working fre-
quencies of the microwave structure depend on the dielectric constant of the surrounding
area. Therefore, one can build a reconfigurable component by loading/unloading dielec-
tric liquid with different permittivity in a microfluidic channel on a microwave component
[38]. Secondly, similar to using LMA for EM coupling, small metal plates/cylinders can
be inserted into microfluidic channels and moved by dielectric liquid flows, which enables
tuning of the coupling effect [39, 40].
2.2 Fabrication Techniques
To realize the RF/microwave structures for the Internet-of-Things applications as discussed
in the former section, various fabrication techniques have been developed to realize reliable
and cost-effective manufacturing of those structures.
2.2.1 Additive Manufacturing Techniques
Additive manufacturing (AM) has been massively expanding in industry, as shown in Fig-
ure 2.2, and in academia[41], due to its cost-, time-, and effort-effectiveness especially in
prototyping three-dimensional (3D) objects. Traditional (subtractive) manufacturing tech-
niques, such as photolithography, deposit a uniform layer of materials and selectively re-
move part of it. AM techniques, on the other side, deposit patterned material, and no
removal is needed. There are countless approaches of AM, and each has its advantages
and drawbacks. But the foundational operation principle of all AM techniques is a layer-
by-layer selectively deposition and solidification of material, thus here four of the most
widely used low-cost AM processes are introduced and classified with the deposition and
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Figure 2.2: Breakdown percentages of the industrial sectors using AM. Reprint from [41].
solidification approaches.
Based on UV curing
Stereolithography (SLA) and digital light processing (DLP) are two techniques using
a photosensitive polymer which can be cross-linked and solidified with ultraviolet (UV)
exposure. The two process are similar but use different UV sources. They both use a
tank of liquid photosensitive monomer resin with a build platform inside of the tank. SLA
uses a UV laser beam and a mirror to locally cure the photosensitive polymer, as shown in
Figure 2.3a. The laser beam is moving as the mirror rotates and the pattern is drawn with
multiple line paths. Figure 2.3b shows that DLP, on the other side, projects a matrix of
UV light to the resin and patterns the entire layer simultaneously. As a consequence, DLP
usually has a higher printing speed and a lower resolution, compared to SLA.
Based on extrusion
Fused deposition modeling (FDM) is one of the oldest and most commercialized 3D





Figure 2.3: Working principles of (a) Stereolithography (SLA), (b) digital light process-
ing (DLP) and (c) fused deposition modeling (FDM). Reprint from [42]. (d) Stucture of
piezoelectric inkjet printer head. Reprint from [43].
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build material, which is typically thermoplastic in the form of thread, onto the build plat-
form, as shown in Figure 2.3b. After cooling down, the build material solidifies and forms
a base for the upper layer.
Based on jetting
Inkjet printing or Multijet modeling (MJM) is based on digitally controlled generation
and ejection of drops of liquid inks from a printhead nozzle onto a substrate to fabricate
a 2D or 2.5D pattern [43, 44]. Inkjet printing can be realized by two different modes of
operation: continuous (CIJ) and drop-on-demand (DOD) printing. Continuous inkjet fires
a stream of droplets at a target and recirculates ink that isn’t needed. Continuous inkjet
printing is potentially fast but mainly suits production lines and bulk printing. Nowadays,
the majority of inkjet printers are based on the drop-on-demand (DOD) technology, mainly
with a piezoelectric or thermal generation of ink droplets. Figure 2.3d shows a piezoelectric
inkjet printer head that uses piezoelectric effect to control the drop on/off with voltage or
an electrical signal. Compared to the thermal inkjet printer head, the piezoelectric head is
more complicated and expensive but can handle a broader range of inks [43].
A proper drop formation with equally separated droplets is essential to perform ac-
curate printing. Researchers show that the droplet formation is correlated with the rhe-
ological properties of the ink, such as concentration, molecule weight, and ink material
structure[46]. As shown in Figure 2.4, if the ink formula is not well-designed, a lot of
unwanted phenomena would happen in the droplet formation:
1. Droplet tail: a long tail is formed when the droplet leaves the nozzle as shown in
Figure 2.4 (a) to (e). This tail usually ends up as time goes by and the droplet jet out
with a certain distance from the nozzle.
2. Satellite droplet: in addition to the regular droplet, few small droplets appear in
between the regular droplets after the tail end, as shown in Figure 2.4 (a) and (b).
Beside the deposition of the ink droplet, ink curing/solidification is a significant step
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Figure 2.4: An example shows the influence of polymer molecular weight and con-
centration on the breakup of a fluid jet. Solvent: (a) glycerol/water (b) 0.3% 100
000 poly(ethylene oxide) (c) 0.1% 300 000 poly(ethylene oxide) (d) 0.05% 1 000 000
poly(ethylene oxide) (e) 0.043% 5 000 000 poly(ethylene oxide). Reprint from [45].
Figure 2.5: The working principles of coffee ring effect. Reprint from [47].
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of inkjet-printing. During the curing, liquid evaporating from the edge is replenished by
liquid from the interior, as shown in Figure 2.5. Due to a higher surface-volume ratio at
the edge, evaporation rates are higher around the edge. The differential evaporation rates
across the drop induce a capillary flow that can carry most the dispersed material to the
edge, which results in a pattern like a ring after all solvent evaporated and the drop dried.
Because this phenomenon was first found in coffee drops, this effect is named the “coffee-
ring” effect[47]. The “coffee-ring” effect results from changes in the viscosity of the ink
and transport of the solute via motion of the solvent, which may change surface tension
interaction between the solvent and the substrate[48]. Therefore, it would leave an uneven
distribution of ink material within the drop as shown in Figure 2.5 that could cause many
troubles.
Inkjet ink contains several parts: an “ink” material, a liquid solvent (aqueous or organic)
and various additives (such as rheology and surface tension modifiers, humectants, binders
and defoamers) that enable optimal performance on the printing device and the substrate
[49]. The choice of the “ink” material is mainly determined by the required physical prop-
erties of the printed pattern, such as conductivity, optical transparency, chemical resistance,
and adhesion, by the physicochemical properties of the ink, such as aggregation and stabil-
ity, and by its compatibility with the printing device [43]. The liquid solvent and additives
are carefully chosen to improve/compensate the “ink” material for successful printing such
as viscosity, surface tension, wettability and adhesion to the substrate. For example, in the
case of piezoelectric print heads, the ink viscosity should be in the range of 8 to 15 cP in
general, while thermal print heads usually require viscosity below three cP [43].
Piezoelectric inkjet printing techniques can print various materials including metals,
polymers, and nanomaterials. The metal ink can be dispersed nanoparticles (NPs), a
dissolved organometallic compound, or a conductive polymer (both dissolved and dis-
persed)[49]. Large-scale production of dispersions of metal NPs is now enabled by the wet
chemical method which is suitable for conductive printing. Therefore, the most commonly
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used conductive ink are metal nanoparticles inks, mostly silver NPs inks and gold NPs inks
as they are stable in the atmosphere. As silver has a lower cost compared to gold, silver
is used as the most regular conducting trace in the inkjet-printed electronics. The metallic
NPs ink needs a post-printing process to sinter the separate NPs into a continuous metallic
phase with numerous percolation paths within the printed patterns. Nanomaterials, such as
carbon nanotubes and graphene sheets, are also very promising in inkjet-printed electron-
ics, due to their unique properties, such as high intrinsic current mobility and conductivity,
mechanical flexibility, sensitivity to gas, and their potential for low-cost production [50].
Dielectric ink which usually is a non-conducting polymer suspension or epoxy solution, is
involved in inkjet printing to build the non-conducting structural features[51].
2.2.2 Electronics Fabrication
PCB
Most electrical circuits are fabricated on a printed circuit board (PCB) that uses the
word “printed” but usually is manufactured by a subtractive or semi-additive process. FR-
4, fiberglass-epoxy laminate, with copper cladding via electro/electroless plating is one of
the most common substrates used in PCBs. Two different ways can be used to pattern
the metal on PCB: direct milling and masking-and-etching. The mask is usually deposited
with photolithography or screen printing. The mask approach usually provides higher res-
olution and accuracy but also higher cost and longer production time due to the mask. A
typical single side mask-based PCB process can be found in Figure 2.6a. Overall, PCBs
are cost-effective in manufacturing, however, compared to AM processes, it produces a lot
of chemical waste and usually is not flexible.
Microelectronics
Microelectronics and Microelectromechanical systems (MEMS) are traditionally man-
ufactured by photolithography based techniques, a conventional planar manufacturing tech-




Figure 2.6: Step-by-step process of (a) single side printed circuit board (PCB) (picture
found at [52]), (b) photolithography with lift off process or etch process (picture found at
[53]).
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photoresist: positive and negative, the former one can be dissolved in the developer only
after exposure to light while the latter one can be etched out only without exposure. There
are also two ways to use photoresist: lift off and etch out, as shown in Figure 2.6b. Pho-
tolithography features an unbeatable high resolution but requires costly equipment and a
cleanroom environment. The process is very complicated, has multiple stages, and involves
deposition of many layers of different materials. The process also produces a significant
amount of chemical waste and thus is environmentally unfriendly. Therefore, though these
processes manage to achieve an extremely high resolution, the expenses of these processes
are very high, which limits the application of the fabricated devices.
Inkjet printing
The market for printed electronics, which is estimated to exceed $300 billion over the
next 20 years [44], requires manufacturing techniques that are faster, cheaper and eco-
friendlier compared to traditional production methods. Because inkjet printing is an addi-
tively manufacturing method that can pattern various materials including metal, semicon-
ductors, and dielectrics, it is a very attractive technology for cost-effectively manufacturing
various electronics including circuit boards, RFID tags, thin film transistors, light emitting
devices, solar cells, touch screens, and flexible displays [44, 47, 54, 55]. Cost is one of
the most significant concerns in consumer electronics manufacturing. The fact that inkjet
printing can fabricate electronics at relatively low cost leads it to be massively involved
in electronics manufacturing. Inkjet printing is favorable for automation and enables pat-
terning with relatively high resolution. With industry level inkjet printers, a relatively high
resolution and a relatively low cost can be balanced for specific applications. No waste is
created in the whole process, and less harmful/aggressive chemicals are involved, which
results in a “green” process [56]. Also, inkjet printing is very suitable for manufacturing
large area electronics by the roll-to-roll (R2R) technique [44].
Other AM processes
Besides inkjet printing, the most popular 3D printing techniques (e.g., SLA, DLP,
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FDM) deal with dielectric materials [41]. However, in electronics, metal is almost un-
avoidable because high conductivity is the key to reduce power consumption and to im-
prove performance. Recently, many 3D printing methods have also been developed to print
metals while the costs of these process are high in general so far. For example, direct
metal laser sintering (DMLS), a laser-based additive manufacturing process that is similar
to selective laser sintering (SLS) and selective laser melting (SLM), can directly print 3D
objects by melting/sintering metal powders with laser beams.
2.2.3 Microfluidics Fabrication
Photolithography
In the early 1990s, microfluidics were first fabricated in silicon and glass using pho-
tolithography[57]. As mentioned in former paragraphs (section 2.2.2 and Figure 2.6b),
photolithography features a high resolution and accuracy, but is multi-staged, requires high-
cost equipment, and uses environmentally undesirable chemicals, which add up and limit
the popularity of microfluidics devices. Figure 2.7 shows a comparison of costs and pro-
duction volumes of different microfluidic fabrication methods [58].
Soft-lithography
At the end of the last century, the soft-lithography technique was invented by pouring a
thermosetting material, Polydimethylsiloxane (PDMS), into a replica mold and casting the
microfluidics as shown in Figure 2.8a [60, 61]. Soft-lithography features a much lower cost
and a much faster production speed compared to old photolithography methods. Moreover,
soft-lithography facilitates designs of high flexibility and high optical transmittance, and
thus has become the most common microfluidics fabrication process. However, this mold-
based method usually needs photolithography to fabricate the mold. Thus, soft-lithography
is a semi-cleanroom process which still heavily relies on costly photolithography tech-
niques. Furthermore, because the production quantity needed for each specific microflu-
idics design usually is very small, the mold-based approach can be very costly and may not
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Figure 2.7: Cost and volume comparison for common Lab-on-A-Chip fabrication tech-
nologies. Reprint from [58].
be the best option [62].
Based on paper substrate
In 2007, Whitesides and colleagues developed paper-microfluidics [63]. They pat-
terned the channel and divided the paper into different functional areas/channels (chemical
sensors), by printing hydrophobic walls on paper, as shown in Figure 2.8b. Since then,
paper-microfluidics and paper-based microfluidic analytical devices (uPAD) have been in
the spotlight as they enable the integration of multiple chemical tests into a single strip[64,
65, 66] at a very low cost owing to the additive manufacturing methods used[67, 68]. Be-
cause of its inherent advantage that the paper fibers in the channel can hold the reagents
within themselves, its high information capacity by integrating multiple chemical sensors,
and the low-cost fabrication process as well as material used in these devices, paper mi-
crofluidics has become an essential subject in microfluidics research.
AM processes
Additive manufacturing (AM) has attracted significant attention in recent years as it can




Figure 2.8: Step-by-step process of (a) soft lithography for microfluidics devices (reprint
from [4]), (b) paper microfluidics with photolithography and wax printing (reprint from
[59]).
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utilize numerous 3D printing techniques, the most well-known AM subclass, in microflu-
idics [62, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78]. Most 3D printing-based approaches only
print the mold for casting while still take the mold-based approach of soft-lithography [69,
74], which partially solves the problem of soft-lithography. Other moldless approaches
directly print the microfluidics device entirely with various 3D printing techniques, which
efficiently enable the rapid prototyping of microfluidics [71, 79, 75, 76, 77]. Another
AM technique, inkjet-printing, also has been utilized in microfluidics fabrication including
paper microfluidics [80, 63, 81, 58] and many other approaches [82, 83, 84, 85, 86]. How-
ever, currently most 3D printers feature low resolutions and large minimal feature sizes
[73], which results in a typical large cross-section area of 3D printed microfluidic channels
at least on the level of 5× 104µm2 [69, 70, 71, 79, 75, 76].
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CHAPTER 3
ADDITIVE MANUFACTURING PROCESSES FOR MICROFLUIDICS AND
ELECTRONICS
As discussed in the previous chapter, the state-of-art fabrication processes based on pho-
tolithography and other subjective manufacturing techniques have a high cost that limits
the fabricated devices in many applications. The need for a cost-, time- and effort-effective
fabrication process for smart sensors in Internet-of-Things applications has grown dras-
tically recently. Therefore, in this chapter, several AM-based processes, which are low-
cost, easy-to-reconfigure on demand, rapid-prototyping, eco-friendly, low-temperature, and
zero-waste, are demonstrated for Internet-of-Things, especially microfluidics-based wire-
less liquid sensing and microwave tunable components.
3.1 Inkjet Printing
This work investigates, in depth, the inkjet printing not only of conductive electronics but
also of multi-layer / 3D structures. All the inkjet printing processes were conducted in
a Dimatix DMP-2831 inkjet printer with a 1.5-mL-capacity cartridge and a ten pl drop
volume. A 20 µm drop spacing was chosen to balance the printing speed and performance
unless specified.
I will first introduce the inks used in section 3.1.1, then the three individual processes
utilizing inkjet printing as a tool for bonding, molding, or building a structure directly in
section 3.1.2 to 3.1.4, and finally a process to print microfluidic electrical sensors on filter
paper in section 3.1.5.
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Table 3.1: Inks and its printing /curing conditions
Inks Constitute Printing Curing condition
or product temperature (recommended)
name (recommended)
SNP SunTronic EMD5730 or 60◦C 180◦C for
ANP Silver-Jet-55LT-25C 1 hour
SU-8 Microchem SU-8 2002, 2005 25◦C Following the data sheet[87]
PMMA PMMA, anisole, DMSO 25◦C 120◦C for 40 mins
3.1.1 Inks
As introduced in section 2.2.1, conductive patterns in electronics can be printed with
inks based on metal nano-particles while non-conductive inks such as polymer ink can
be printed for structural features. In this section, two silver nanoparticles (SNP) inks and
two polymer inks are introduced and utilized in the inkjet-printing of microfluidics and
of electronics: SNP, SU-8, and PMMA inks. Table 3.1 summarizes the four inks in this
section.
SNP inks
SunTronic EMD5730 Jettable silver nanoparticle (SNP) ink from Sun Chemical Corpo-
ration (Parsippany, USA) and Advanced Nano Products (ANP) Silver-Jet-55LT-25C SNP
ink is used. High-temperature sintering at 180◦C for 1 hour in a thermo scientific oven pro-
vides the best conductivity. For a substrate that cannot stand high temperature, excellent
conductivity can be achieved by low-temperature sintering at 120◦C for 1 hour along with
flash curing at 180◦C for 5 minutes. In the case that substrate cannot stand high tempera-
ture, such as PMMA and many 3D printed materials, locally sintering using a laser beam
with appropriate energy is an efficient solution.
SU-8 ink
SU-8 is a well-known epoxy-based negative photoresist. Home-made SU-8 ink is a
blend of SU-8 2002 and SU-8 2005 (Microchem Corporation, Westborough, USA). The
ratio of two different viscosity SU-8 fluids was carefully tuned for successful printing in
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the specific printer. The ink can be cured in a 3-step process: a soft-bake (95 ◦C), an
Ultraviolet (UV) exposure, and a hard bake (95 ◦C).
As discussed in the section 2.2.1, the “coffee ring” effect can largely influence the shape
of the dried ink to be a basin-like topology. The influence of the “coffee ring” effect is re-
lated to the area (horizontal dimensions) / height ratio of the pattern: for a small area/height
ratio, such as lines and dots, the influence is less obvious; for a large area/height ratio, it is
significant. Therefore, both the inkjet-printed “lines” (0.5 mm × 7 mm) (minimal “coffee
ring” effect, Figure 3.1a) and the rectangular “pads” (7 mm × 7 mm) (significant “coffee
ring” effect, Figure 3.1b) were inkjet-printed for different numbers of layers. For “lines”
patterns, the height per layer is reliably around 6.8 µm/layer, as shown in Figure 3.1a. For
“pads” patterns, heights at the center of the pattern and at the top of “coffee ring” hill (max-
imum height point) are shown in Figure 3.1b, which demonstrates that the height per layer
is around 5.6 µm/layer in the center and 7.1 µm/layer at the “top of hill.” When more layers
are printed (e.g., 11-12 layers), the resulting solidified SU-8 shapes are closer to “lines.”
Figure 3.1c show the measured profiles of the inkjet-printed “pads” for different numbers
of layers. The two dashed lines in the Figure 3.1c present an almost linear relation of be-
tween the “hill” height and the width from the “top of hill” to the edge, which is dominated
by both the drying speed and the contact angle of the SU-8 ink on the underlying substrate.
The ratio of top-hill trend can be calculated to be 55 µm (height): 1 mm (distance to the
edges).
The influence of printing platform temperature is also investigated. Theoretically, the
substrate temperature changes the contact angle of the ink and the coffee ring effect, which
may lead to different profiles. However, as the temperature of the printing platform is
relatively low compared to the temperature of the hot plate used in curing process and
printing time is short in most cases, the evaporation during printing is much smaller than
the evaporation during the curing process. Therefore, the influence of the temperature of





Figure 3.1: Performance of inkjet-printed SU-8.
(a) Height of the printed “lines” for 1 to 12 layers of print. (b) Height of the printed
“pads” in the center and in the top of the hills for 1 to 12 layers of print. (c) The profile of
the printed “pads” for a different numbers of layers with two dotted lines marking the
coffee ring hill-top trend. (d) The profile of the inkjet-printed rectangular pad prototypes
at various printing platform temperatures (40◦C, 50◦C and 60◦C; 3 samples at each
temperature).
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“pad” patterns were inkjet-printed at 40◦C, 50◦C and 60◦C, respectively and no correlation
between the temperature and the outcome shapes of the printed prototypes were observed
as shown in Figure 3.1d.
PMMA ink
Poly(methyl methacrylate) (PMMA) ink can be made by dissolving PMMA powder
into a mixture of anisole and dimethyl sulfoxide (DMSO) (Sigma-Aldrich Corporation, St.
Louis, USA). Anisole can dissolve the PMMA powder, and DMSO can optimize the ink
drops surface tension and viscosity. The ink can be cured by heating at 120◦C for up to 40
mins to evaporate all the solvent.
To find out minimal feature size of inkjet printed PMMA traces, various single-drop
line (consecutive single drops in one direction/line) prototypes were printed with different
drop spacings. The line prototypes are 5 mm long and a subsection is shown in Figure 3.2a
and 3.2b. Figure 3.2c shows the realized height and width values of these prototypes,
which demonstrates that a larger drop spacing means less deposited material per unit area,
so it results in thinner lines, because the surface tension, instead of the pre-set pattern, is
the critical factor of the shape of formed lines. However, for drop spacings larger than
40 µm, line breakages happen, which is random and should be avoided. Therefore, the
smallest/thinnest inkjet-printed PMMA line is 60 µm wide and 0.8 µm high with a 40 µm
drop spacing. The relation between trace height and the number of layers was investigated
by printing numerous 7 mm × 0.6 mm lines 1 to 15 layers. Figure 3.3a shows that the
average layer height is reliably around 4.6 µm with less than 0.4 µm variation. Due to
the liquid nature of the ink, the cross-section of the printed trace features a semi-elliptical
shape as shown in Figure 3.3b.
3.1.2 First Approach: Printing for Electronics and Bonding Microfluidics
Fig 3.4 shows the inkjet printing for bonding process that combines inkjet-printing and
















Figure 3.2: Smallest features of inkjet-printed PMMA. (a, b) Photos of “single-drop” test.
(c) Measured average heights and widths with error bars of the printed PMMA line proto-
types in (a, b).
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(a) (b)
Figure 3.3: Performance of inkjet-printed PMMA. (a) Average height and error bar of 1 to
15 printed layers. (b) Cross-sectional profile of the printed PMMA lines in (a).
2. Laser Etch Channels on 2nd substrate1. Print Metallization on 1st substrate
3. Print Bonding Layer on 1st substrate 4. Bond two substrates
Figure 3.4: Step-by-step fabrication process utilized inkjet printed conductor for electronics
and polymer for bonding microfluidics.
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idics sensors. In this process, a 2-µm-thick layer of conductive traces was printed on the
first substrate with SNP ink while the second substrate was laser etched to obtain notches
for microfluidic channels. Then a 14-28 µm layer of SU-8 was printed on the first sub-
strate. Two substrates were pressed together and cured of printed SU-8 on a hot plate with
10 N weight. Because of SU-8’s epoxy nature, it can bond the two substrates and seal the
microfluidics channel without blocking the channel. In the meanwhile, the SU-8 polymer
layer can separate the liquid in the microfluidic channel from the metalization/first sub-
strate so that a proper isolation is achieved simultaneously. To prove of concept, the first
substrates used are papers[88, 89] or PMMA sheets[90, 91] while a PMMA sheet is the sec-
ond substrate. Paper is a low-cost substrate with an excellent wetting capability which is
widely used in inkjet-printing and PMMA is an inexpensive polymer with excellent trans-
parency. Papers used are 230 µm Kodak photographic papers (Office Depot, Atlanta, GA,
USA) and the PMMA sheets used are 1.5 mm thick from McMaster-Carr, Atlanta, GA,
USA.
Fence printing was explored for the situation when the surface tension of the substrate
is not optimal and the ink spreads out. For example, ANP Silver nanoparticles ink have
a higher surface tension than the surface energy of a PMMA sheet, so the ink spreads out
and cannot maintain its shape after deposition. A 7-µm-high fence can be printed with
SU-8 ink before printing the ANP SNP ink, which helps to constrain the ANP SNP ink and
maintain the pattern.
3.1.3 Second Approach: Printing Electronics and Molding Microfluidics
The second fabrication process replaces all the subtractive photolithography steps in the
soft-lithography process (introduced in section 2.2.3) with the additive inkjet-printing, re-
sulting in a much lower cost and a sufficiently high resolution. This method can be used to
mount “on demand” microfluidics, taking full advantage of the microfluidics capabilities
in packaging and liquid-reconfigurable electronics. The materials used for the proof-of-
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1. Inkjet-printing of the Mold 2. Patterning the Channel 3. Inkjet-printing of the 
    Metalization Features
5. Sealing the Channel 4. Inkjet-printing of the 
     Isolation Features
PDMS Silver
SU-8 PET
Figure 3.5: Step-by-step fabrication process utilized inkjet printed conductor for electronics
and polymer for molding microfluidics.
concept prototype were the Sylgard 182 Silicone Elastomer Kit (Dow Corning Corporation,
Midland, MI, USA), the raw material of PDMS, for the construction of the microfluidic
channel, and a sheet of 0.127-mm-thick polyethylene terephthalate (PET) (DuPont Teijin
Films, Chester, VA, USA).
The five-step fabrication process is shown in Fig 3.5. The first step covers the inkjet
printing of a microfluidics mold, while in traditional soft-lithography processes for the mi-
crofluidics fabrication, the fabrication of the mold is carried out by photolithography in the
cleanroom environment. In this method, SU-8 lines are inkjet-printed on a glass substrate,
which serves as a mold and defines the shape of the fluid channel. The characterization
of SU-8 lines is shown in Figure 3.1a, which illustrates a 6.8 µm vertical resolution. In
the second step, similar to traditional soft-lithography, the raw PDMS material is poured
into a container until overflow and is degassed with vacuum for three rounds. To transfer
the pattern from the inkjet-printed channel to PDMS, the glass substrate is then flipped and
squeezed to cover the container as a lid with the SU-8 pattern on the bottom side. To cure
PDMS, the container was heated at 100◦C in a Thermo Scientific oven for 75 minutes.
After fabricating the microfluidic device with inkjet printing and soft-lithography, the
electronics part can be inkjet printed with SNP inks on a flexible substrate such as PET,
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following by a inkjet-printed isolation SU-8 layer to separate the tested fluid and the elec-
tronics pattern and smooth the surface simultaneously. Sealing of the PDMS microfluidic
channel and PET substrates was conducted by Van Der Waals force: simply applying a
force to hold the PDMS device and PET substrate together can successfully bond the two
parts together. Figure 3.6a shows the cross-section view of a fabricated device; an arch-like
structure without sharp corners is achieved for the channel due to the circular mold shape
as the mold is printed by ink in the liquid phase. Figure 3.6b shows the “peel-and-replace”
reconfigurable capability due to reversible sealing. On the one hand, this reversible seal-
ing features a strong enough bonding to prevent fluid leakage and to handle the pressure
in the capillary action. On the other hand, reversible sealing gives the prototype a unique
“peel-and-replace” capability. The microfluidic part can be easily peeled off from the elec-
trical part if needed, as shown in Fig. 3.6b, thus making sensitivity switching possible, as
microfluidic parts with different channel designs can be easily attached to the same RF pat-
tern/structure (electrical parts). Various combinations of microfluidic and electrical parts
can enable a significant degree of reconfigurability and functionality of the RF system.
Moreover, reversible sealing also simplifies the cleaning process between two consecutive
uses, and thus allows reusability. The prototype can be demounted and cleaned part-by-part
to remove any leftovers from the latest test.
Various channel sizes were fabricated and tested to explore the limits of the proposed
channel fabrication process. The line in Fig 3.6c presents the minimum aspect ratio (width
value/height value) of 7, which is limited by the contact angle between the contact surface
and the ink solution. The smallest feature achieved had the width of 100 µm and the height
of 6 µm. Various tests were performed by repeating steps 1, 2, and 5 for different widths
or heights to fabricate the testing matrices and by filling them with food color dyed water




Figure 3.6: (a) A photo in the cross section view of a microfluidic device by the inkjet
printing molding method. (b) A photo of the fabricated prototype with the PDMS sheet
(microfluidic part) partially peeled off from the PET sheet (electrical part), to illustrate the
“peel-and-replace” capability. (c) Tests of the possible dimensions of the proposed fabrica-
tion process.The dots represent successful individual tests. The line in the graph shows the
lower limit of the successfully fabricated aspect ratio. The small inserted photograph in the
figure gives the reader a glance of the testing matrix.
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3.1.4 Third Approach: Fully Inkjet Printing
This section shows the first fully inkjet-printed microfluidics. Unlike the two processes
introduced above, this process relies only on inkjet-printing technology and enables rapid
fabrication of complex microfluidics networks with 3D configurations on virtually any sub-
strate at an extremely low cost. Besides paper microfluidics which prints only the barriers,
inkjet-printing has also been used in various steps in microfluidics fabrication process in-
cluding sealing the channel[84]; building the mold for PDMS replication[85, 83]; pattern-
ing the mask for channel etching[82]; printing the sidewall between two substrates.[86]. It’s
easy to notice that these approaches still require co-fabrication with other fabrication tech-
niques, such as laser etching[92], 3D printing[84], wet etching[82] or soft-lithography[85,
83], which complicates the fabrication process flow and may increase the cost significantly.
In the proposed approach, 3D microfluidics devices are fabricated by inkjet-printing
different materials level-by-level as shown in Figure 3.7. Two different polymer inks are
involved: the SU-8, which constructs the microfluidic channel, and the PMMA, which
supports the SU-8 structure during curing and is washed out afterward. Due to its high
chemical resistance, SU-8 can remain almost intact during etching and after interaction
with most organic and inorganic solvents under test inside the channel. PMMA, on the
other side, is easy to wash out with organic chemical solvents such as Anisole. Because
PMMA ink is always printed on SU-8, no matter what substrate is used and how many
levels the structure has, a great consistency and excellent control of the channel shape can
be achieved.
The printing process can be represented by the flow of the four steps in Figure 3.7.
Firstly, a thin level of SU-8 ink was printed on a substrate to isolate the substrate from the
fluids in the microfluidic channel. For applications such as contactless electrical sensing,
this isolation can eliminate the unwanted contact of metals/conductors (if any) with the
fluids under test. For porous substrates such as papers and corks, the isolation layer can
fill small substrate holes/voids and provide a water-proof channel. For substrates with
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Figure 3.7: Step-by-step fabrication process of fully inkjet printed microfluidics and elec-
tronics.
slightly uneven surfaces, this printing approach can smooth out the undesired roughness.
This isolation printing is a preparatory step in the cases of problematic substrates, and
thus it can be eliminated otherwise. Because of this step and the additive nature of inkjet-
printing, this process enables building 3D microfluidic structures on virtually any substrates
or devices including but not limited to glass, paper, silicon wafers, metal, plastic, and
other existing microfluidics chips as well as packaging structures. This feature enables
adding a microfluidic structure to any existing original design and fabrication process and
thus makes this process one of the best candidates in microfluidics monitoring, sensing,
and cooling. Secondly, a patterned PMMA trace was deposited as a placeholder for the
microfluidic channel topology, which would support all the materials deposited on top of
the channel in the following steps. Consequentially, this printed pattern is same as the
designated microfluidics channel pattern. Thirdly, a thick SU-8 layer was printed which
constitutes the microfluidic channel walls at the end of the process. The openings (inlet
and outlet) of the microfluidic channel are preserved by the pattern file printed. As the
SU-8 ink is in the liquid phase, it would even out the surface including the printed PMMA
traces if enough amount is deposited, resulting in a flat surface of the device. Finally, after
all the levels are printed, the removal of the PMMA support material is carried out by
an anisole solution bath, although several other alternative organic solvents could work as
well. As etching relied on the diffusion of the etching solvent, we found that the etching
time, which strongly depended on how narrow and long (e.g., cross-section area/length
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Figure 3.8: SEM images of fully inkjet printed microfluidics. The debris particles shown
in the SEM images very likely were SU-8 polymer.
ratio) the channel was, can be significantly decreased by applying an ultrasonic bath. After
the removal of the support material in the channel, a hollow channel embedded within
the SU-8 polymer can be observed with the same shape as the printed PMMA pattern as
shown in Figure 3.8. And scanning electron microscope (SEM) photos of the cross-section
of proof-of-concept channel prototypes are shown in Figure 3.8.
The proposed fabrication process can be used to fabricate 3D microfluidics structures
by repeating the second and third steps in the process in Figure 3.7 with a level-by-level
mechanism. Every channel that is on top of another channel is defined as a new level as it
needs to be printed after the completion of the bottom level. Each level is pretty indepen-
dent in terms of printing, which means not only there are no limitations on what pattern is
printed, but also each level can be fabricated with a different level height/thickness with-
out any extra effort (such as the first, second and third levels in Figure 3.9a that feature
three different level heights). For the printing of each level, the fabrication process is the
same as described above, except that instead of printing on the isolation level, the pattern
is printed directly on the underlying layer, thus leading to 3D microfluidics configurations
constructed of numerous single-level ones. In this way, the whole microfluidics structure
is still constructed using the same material, SU-8. This feature differentiates the proposed
inkjet-printing method from the other level-by-level approaches, such as stacking single
layer 2D microfluidics structures by inserting adhesive layers. An example of two fully
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(a) (b)
Figure 3.9: Sketch and prototype of a fully inkjet-printed 3D microfluidics structure.
(a) Sketch of the side view of an arbitrary fully inkjet-printed 3D microfluidics structure
with integrated conductors. (b) A photo of two fully inkjet-printed twisted 2-level 3D
microfluidic channels. Due to the capillary effect, one channel is filled with red dyed
water, and the other is filled with green dyed water. The two channels are twisted to each
other: The green one is on top of the red one in the right half and is beneath the red one in
the left half.
inkjet-printed twisted 2-level microfluidic channel prototypes can be found in Figure 3.9b,
which demonstrates the excellent capability for the fabrication of complex 3D microfluidics
topologies.
Basic and flexible microfluidics structures, such as a straight channel (Figure 3.10a),
a T-junction (Figure 3.10b), a Y-junction (Figure 3.10c), a meander line (Figure 3.10d)
and a mixer (Figure 3.10e) can be easily fabricated. Microfluidics devices fabricated with
the proposed approach feature a very promising pressure handling and endurance. Water
has been continuously pumped through the fabricated channels at 0.1 mL/min for over
10 hours, which shows a long-term water exposure capability. The printed microfluidic
channels can operate at relatively high throughputs, such as up to 2 mL/min for a 0.03 mm2
cross-section area channel, which demonstrates an excellent pressure handling capability.
As the sizes (cross-section areas) of the fabricated channels are typically in the range of 38
to 6×104 µm2, many microfluidics physical phenomena, such as the capillary effect (e.g.
Figure 3.9b and Figure 3.10a) and the laminar flow (e.g. Figure 3.10c), can be observed
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with fabricated devices.
Five proof-of-concept substrates, namely PET (poly(ethylene terephthalate)) (Figure 3.9b)
and Figure 3.10a, e), Kapton (polyimide film) (Figure 3.10b), Glass (Figure 3.10c), LCP
(Liquid Crystal Polymer) (Figure 3.8) and copper cladded LCP substrate (Figure 3.10d, g),
are utilized respectively, demonstrating the wide compatibility to virtually every substrate.
Among them, PET, Kapton, and LCP are flexible polymer sheets, and the microfluidics de-
vices fabricated on them exhibit outstanding flexibility in both bending directions as shown
in Figure 3.10d, e. As a proof-of-concept demonstration, a microfluidics channel printed
on 184µm-thick copper cladded LCP substrate was tested with a TestResources four-point
bend tester as shown in Figure 3.10g. Minimal bending radii achieved without damage are
7 mm in tension and 6 mm in compression. The microfluidic device was bent to a radius of
1 cm for 1000 times in tension and 1000 times in compression (2000 times in total) with-
out any damage. It has to be stressed that the process is not limited to the substrate while
the flexibility largely depends on the substrate flexibility and thickness. For the same mi-
crofluidics structure, a better bending capability may be achieved by using a more flexible
and thinner substrate. When detached from the substrate, the printed microfluidics devices
can be bent down to at least 0.5 mm bending radius, as shown in Figure 3.10f. However,
as the detached microfluidics devices are extremely thin, they could be very fragile and
hard to handle. Overall, the fully inkjet-printed microfluidics show excellent flexibility for
applications such as wearable sensors.
The microfluidic devices are constructed using a single material, SU-8, which is an
excellent material for microfluidics[93]. SU-8 features an outstanding chemical resistance
and biocompatibility[94] which enables numerous chemical and biomedical applications.
The high optical transmittance of SU-8 also enables transparent microfluidics devices for
easier channel observation and optical applications[95]. The transparency of the SU-8 thin
film is above 90% at visible light range[87]. Caution needs to be paid in the exposure





Figure 3.10: Examples of fully inkjet-printed microfluidics structures.
(a) A straight microchannel on PET substrate. A drop of green-dyed water was dripped on
one of the two channel openings, and the capillary effect drove the water to enter the
channel. (b) A T-junction and three microfluidic channels along with three installed
connectors on Kapton substrate. (c) A Y-junction and three microfluidic channels along
with three installed connectors on the glass. One of the two inlets was fed with green-dyed
water, and another inlet was fed with red-dyed water. A laminar flow appeared when the
two different color-dyed flows merged. (d) A meander microchannel on LCP substrate
(coated by copper) bent in tension around a 14-mm-diameter rod with red-dyed water
filling the channel. (e) A fully inkjet-printed microfluidics mixer on PET substrate bent in
compression between two fingers. (f) A microfluidic device was detached from the
substrate and was bent by a tweezer for a radius down to 0.5 mm. (g) A microfluidic
device was bent by a TestResources four-point bend tester for a radius of 1 cm.
38
color as shown in Figure 3.9(b), which may affect its transparency. Due to the hydrophobic
property of the SU-8, the microfluidic performance of fluid (water-based) is very similar to
the PDMS channels.
3.1.5 Fully Printed Paper Microfluidics and Electrical Sensor on Filter Paper
Electronics on filter paper
Inkjet-printing has been already extensively utilized in fabricating electronics such as
antennas and passive elements[54, 96, 97, 98, 99]. By inkjet-printing conductive nanopar-
ticles, conductive traces which typically enable electrical sensing can be easily fabricated.
However, printing on porous substrates, such as paper, can be challenging as the ink will
flow into the substrate, instead of remaining on the top of it[100]. Therefore, as shown in
Figure 3.11b and 3.11d, ink deposited on one side can be clearly seen from the other side
and spreads out randomly along the paper fibers, which limits the resolution of the printing.
Printing conductive nanoparticles can be even more troublesome as nanoparticles may be
separated by paper fibers during sintering, which leads to a decrease in the conductivity. In
Figure 3.11e, the sheet resistance of the directly printed conductive traces on filter paper or
PH strip is over ten times larger than those printed on smooth non-porous surfaces.
There are two ways to resolve this issue. The “passive” way involves the deposition of
an increasing number of layers until the saturation of the substrate so that any additional
ink will start accumulating on the top of the paper. In Figure 3.11e, an acceptable sheet
resistance of 0.1 Ω/square is achieved when more than seven and five layers of ink have
been deposited on the filter paper and the PH strip, respectively. The “active” way is the
inkjet-printing of a thick layer of SU-8, which will fill the porous space and form a smooth
surface, followed by the inkjet-printing of a silver nanoparticle ink on top of the SU-8,
resulting in a much better resolution compared to direct printing on paper. A very high
conductivity (0.01 Ω/square sheet resistance) can be reached with only three layers of silver





Figure 3.11: Inkjet-printed conductive layers on paper.
(a, b, c, d) Photos of front (ink deposited side) (a, c) and back (b, d) of different number of
layers of silver traces printed on the filter paper (a, b) and PH strip (c, d). (e) Average
measured sheet resistance for different number of layers of silver printed on filter papers
and PH strips with and without printed SU-8 isolation layers, along with the error bars
showing the standard deviations of 20 replicas that were measured 10 times each.
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the case of regular smooth non-porous substrates. In Figure 5.2a, the sensors were printed
on SU-8 to maximize the printing resolution while the antenna and routing were printed
directly on the filter paper to simplify the process, while in Figure 5.2b, all conductive
parts were printed on 20 layers of SU-8 to achieve the best resolution.
Microfluidics on filter paper
As shown in Figure 3.12a, two different microfluidics can be printed on filter paper:
paper-microfluidics, which use paper as a propagation medium (”in-the-paper”) and only
have two sidewalls to constrain the liquid, and regular stand-alone microfluidics, in which
the channel is on top of the substrate (”on-the-paper”) and is fully sealed in all four direc-
tions. Paper microfluidics is the reason why microfluidics and electronics on filter paper are
especially attractive. For paper-microfluidics, wax printing is one of the most common fab-
rication methods[67]. As an alternative, other hydrophobic materials such as SU-8, have
been deposited and patterned by photolithography to fabricate paper-microfluidics[101].
Here, we propose inkjet-printing SU-8 to fabricate the paper-microfluidics, an approach
that features much lower cost than the photo-lithography method and a better resolution
compared to wax printing. Figure 3.12b shows the liquid-proof performance for different
numbers of printed SU-8 layers demonstrating that ten layers of SU-8 are sufficient for wa-
ter while 20 layers are needed for ethanol. The leftmost column was tested with red-dyed
water drops, and the other two columns were tested with blue-dyed ethanol drops. Water
leakage occurred for five layers of printed SU-8, while ethanol leakage can be found in the
case of less than 20 layers printed.
Furthermore, not “in-the-paper” but “on-the-paper” stand-alone microfluidics can be
easily fabricated by inkjet-printing, which feature a better control of the volume of liquid
inside the channel that plays a very significant role in electrical sensing. I adapt the inkjet-
printing method introduced in section 3.1.4 to fabricate stand-alone microfluidics structure
on porous substrates, such as filter paper. 15 layers of SU-8 were printed to isolate the
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Figure 3.12: (a) A drawing of the cross-section view of two types of microfluidics and
their transition. (b) Different numbers of inkjet-printed layers of SU-8 rectangular rings for
paper-microfluidics.
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printed as a support material to effectively define the channel position and configuration.
Then, an additional 15 layers (about 90 µm) of SU-8 were printed on top and cured, with
the fabrication finalized by the PMMA being washed out by anisole bath.
For the transition between the two types of microfluidics, a 2-mm-length PMMA trace
directly on paper and a 1-mm-length SU-8 layer to partially cover the PMMA trace are
inkjet printed. In this case, the opening of the stand-alone microfluidics channel would be
in contact with paper, as shown in Figure 3.12a, and due to the liquid nature of the ink,
a gentle and smooth slope would be formed automatically over the step, which efficiently
leads the flowing liquid to the paper while not blocking the fluid into paper-microfluidics.
To have a smooth transition between the paper-microfluidics channel and the stand-alone
microfluidics channel, the PMMA configuration was chosen to be consistent with the stand-
alone channels, while the SU-8 configuration was similar to the one used in the paper-
microfluidics structures.
Filter paper electrical characterization
To successfully design antennas on the strip, the material properties of the filter paper
were characterized up to the wireless frequency ranges with the T-resonator method[102]
and the two transmission lines method[103]. Firstly, the “through” propagation phase dif-
ference between the two different-length microstrip lines on a 5-layer-stacked filter paper
(Fig. 3.13a) was measured with a R& H VNA, which was used in calculating the permittiv-
ity over a wide frequency range based on the equations in [103]. Moreover, a T-resonator,
as shown in Fig. 3.13b, was characterized around 2.4 GHz to calculate the permittivity and
the loss tangent of the filter paper based on [102]. The permittivity of the paper is shown
in Fig. 3.13c while the loss tangent was calculated to be 0.036 at 2.4 GHz. Both values are
obviously low compared to other paper types (e.g., photo papers) characterized over the
same frequencies[104, 105, 96] that feature permittivity values above 3 and loss tangent






Figure 3.13: (a) Two microstrip lines on filter paper to characterize the substrate. (b) A T-
resonator working at 2.4 GHz utilized for filter paper calibration. (c) Measured permittivity
vs frequency using the two methods in (a) and (b).
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3.2 3D Printing
In the recent decades, 3D printing has attracted an increasing amount of attention, as it
can create complex 3D objects directly from computer-aided design (CAD) files without
any need for assembly saving production time and cost[106]. Under this concept, different
printing technologies have been developed, including fused deposition modeling (FDM),
stereolithography (SLA), and Selective Laser Sintering (SLS), all with their own advan-
tages and disadvantages in different applications. In this chapter, I explored FDM print-
ing, SLA printing, and DLP printing for direct printing microfluidics-integrated electronics
along with several selective or massive metalization approaches.
3.2.1 FDM Printing
FDM, the most accessible and economical printing method is chosen for its ability to fabri-
cate water-tight microfluidic channels without any support structure[107]. A $399 Printrbot
Play was used, allowing high-resolution prints with 100-µm layer height and 0.4 mm min-
imum feature sizes out of the box. In order to reduce z-axis artifacts with FDM printing,
it is best to print at a layer that is a multiple of the full-step size of the stepper motor (1.8
degree motor step angle, 16 micro steps to full step) in relation to the pitch of the z-axis
threaded rod (1.5875 mm for 1/4” Acme rod), resulting in a minimum layer height of .127
mm for 1 full step. Supports for prints can be printed using multi-material printers with
a dissolvable material, or single material printers can generate support structures, but both
support structure can be hard to remove from small cavities and channels. Therefore, a
microfluidics device without support material was printed with low overhang angles and
short bridges.
To make the print water-tight, over-extrusion is exploited to create a non-porous print in
addition to printing at higher temperatures to increase layer-to-layer adhesion. The print-
ing was set with an extrusion multiplier of 1.15 (15% additional material per calculated
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(a) (b)
Figure 3.14: Photo of a FDM 3D printed microfluidics-enabled helical antenna (a) in a
FDM 3D printer and (b) in a bottom view while filled with red-dyed water.
46
volume of material needed) at 235◦C while normal suggested print temperature range is
210-220◦C). With these parameters, a low-cost microfluid structures can be printed rapidly.
The transparent NinjaFlex filament was chosen because its excellent flexibility and trans-
parency when printing thin objects and great waterproof performance when printing thicker
layers, but the similar setup likely applicable to a variety of FDM thermoplastic materials.
NinjaFlex features a 3.0 dielectric permittivity and 0.06 loss tangent[107]. Figure 3.14a
shows a microfluidics-enabled helical antenna was printed on a Printrbot FDM 3D printer.
Texture, which is one of the well-known FDM printing drawbacks, can be easily observed
in Figure 3.14b. The red-dyed water in Figure 3.14b also shows the device achieves an
acceptable water-proof capability.
3.2.2 SLA Printing
A stereolithography (SLA) 3D printer, FormLabs form 2, which features 50 µm spacial
resolution, was used to print 3D microfluidics channels. SLA printing technology is using
a moving ultraviolet (UV) laser beam to selectively cure/solidify photo-polymer patterns
layer by layer. The 3D model was defined by a 3D CAD STereoLithography file (.stl) with
support structure added. According to the .stl file, the SLA printer can cross-link the pho-
topolymer resin with a 140-µm-beam-width (FWHM) and 250-mW-intensity laser. After
printing, the printed prototype was immersed in the isopropyl alcohol (IPA) for several
minutes to remove any uncured resin, following by a UV exposure with bath in water to
thoroughly cured the structure.
For flexible design, FormLabs flexible resin (FLGR02), a black rubber-like photo-
polymer featuring 80% elongation, was an excellent candidate and was characterized with
both the two line method (Figure 3.15a) and the T-resonator method (Figure 3.15b). A
permittivity around 2.8 with loss tangent around 0.06 from 1 to 8 GHz can be found in
Figure 3.15c.
















Figure 3.15: (a, b) 2 microstrip lines (a) and a T-resonator (b) for FLGR02 material charac-
terization. (c) Relative permittivity and loss tangent characterization results up to 8 GHz.
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(a) (b) (c)
Figure 3.16: Photo of the twisted SIW in various states: (a) original (120◦ twisted); (b) flat
(0◦ twisted); (c) 180◦ twisted.
Abnormal and complex shape 3D objects can be easily printed by 3D printing tech-
niques. An excellent use case is wearable devices in which on-demand customized capa-
bility is highly preferable. By printing flexible materials in optimized 3D configurations,
the resulting devices can achieve excellent stretchability and twist-ability. For example,
3D printed customized substrate integrated waveguide (SIW) structures for flexible and
high-performance wearable designs are shown in Figure 3.16 and Figure 3.17. Figure 3.16
shows a twisted SIW transmission line prototype enabling 0◦ to 180◦ twisting without any
damage, demonstrating the great flexibility of the design. In Figure 3.17, a wave-like SIW
can be compressed to less than 4 cm and be stretched to more than 9 cm without cracks,
featuring excellent stretchability/compressibility. SIW or dielectric-filled waveguide struc-
tures are known for high performance in higher frequencies as they can eliminate the ra-
diation loss, provide perfect electromagnetic isolation from the environment and feature
a relatively stable performance during bending, thus becoming an excellent candidate to
construct wearable microwave devices. Details of the SIW structure can be found in chap-
ter 4.3. The SIW prototype was SLA 3D printed with flexible resin and then coated with
silver using a simple “bath-and-bake” approach: bath in silver nanoparticle (SNP) ink and
bake at 120◦C for an hour in the oven. This “bath-and-bake” approach can massively metal-





Figure 3.17: Photo of the wavy SIW in various states: (a) original (6.71 cm length); (b)
compress (4 cm length); (c) stretched (9 cm length).
3.2.3 DLP Printing
Similar to SLA printing, digital light processing (DLP) 3D printing can be used in print-
ing similar structure with higher speed. A Little RP printer with the projector was used
as shown in Figure 3.18c. The printer features 60 mm×40 mm×100 mm(height) build
volume and approximate 2 minutes/mm printing speed. The projector used is a Viewsonic
PJD7820HD featuring 1920×1080 resolution. DLP printing uses the projector to project
the light pattern of a layer at once. On the one side, this approach leads to high printing
speed comparing to SLA printing. On the other side, due to the lens in the projector, while
the center of build plate is in focus, the edge of build plate might be out of focus, which
might lead to a blurry boundary of the pattern and uncured due to less exposure energy.
Moreover, due to the limited resolution of the projector, the maximum build size is resolu-
tion times pixel size. Thus the DLP printer might have either a small building volume or a




Figure 3.18: Photos of (a) a FDM 3D printed microfluidics mixer, (b) a zigzag channel for
zigzag antenna in printing, and (c) the DLP printer used.
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that, due to the transparency of the resin, UV light used to cure the bottom layer may pass
through the bottom layer and partially cure the upper layers that should be cured, which
might lead to a thicker bottom layer than the designed one. Regarding microfluidics, this
over-cure effect usually results in a channel with correct x and y dimension, but smaller
z dimension (height) or correct z dimension but a troublesome resin cleaning process as
the resin in the microfluidic channel is partially cured. A solution of this issue could be
designing the z dimension with the consideration of overcured and using UV blocker to
change the UV absorption curve.
3.2.4 Selectively 3D Metalization
Due to its simplicity in printing light-weight complex-shape 3D objects, 3D printing, espe-
cially low-cost dielectric 3D printing, has been involved in the fabrication of antennas and
microwave components recently. However, due to the challenge of selectively metalizing
the dielectric 3D objects, most prior efforts have focused on structures that are fully coated
with a metal such as horn antennas and waveguides. With the three different selective
metallization techniques discussed below, more interesting complex shape 3D microwave
components and systems with a larger amount of variety can be fabricated.
Liquid metal alloy
Liquid metal alloy (LMA), especially Eutectic Gallium-Indium (EGaIn), features a
great potential in reconfigurable electronics due to its non-poisonous, high-conductivity,
flow-able and stretchable properties [31]. With the help of microfluidics, a tool that allows
the manipulation of small amounts of liquids, LMA can be transferred within structures of
various shapes [108, 109]. Furthermore, unlike all solid materials, due to its liquid nature,
LMA ensures a “never-fail” bending and self-healing even if cracks occur under extreme
folding conditions, which facilitates the realization of rugged flexible/compressible LMA
antennas.
The LMA used is EGaIn (Sigma-Aldrich, 495425), an alloy with 75%wt Gallium and
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25%wt Indium, which features a 15.5 ◦C melting point and a 29.4× 10−6Ω×cm resistivity
that enables high-performance electronic designs [31]. The bulk viscosity of EGaIn is
1.9910 mPa*s (twice of water, one 4000th of ketchup), which enabling trouble-less flowing
in the channels. Moreover, unlike mercury, EGaIn is non-toxic and very healthy. The only
concern of EGaIn is that Gallium quickly oxidizes when exposed to air, an effect that
could prevent the proper flow of LMA and might affect the conductivity of the LMA. To
dissolve/avoid the oxidation skin of the EGaIn, a sodium hydroxide (NaOH) solution was
circulated inside the microfluidic channel before the filling with EGaIn. To accurately
control the flow of LMA, microfluidics pumps are needed to inject and withdraw LMA
to/from the channels.
Chapter 6 discusses in detail the microwave designs and examples utilizing liquid metal
alloy in 3D printed objects.
Semi-additive process
A semi-additive process (SAP), which is widely used in packaging and Print Circuit
Board (PCB) fabrication, was adjusted for additive manufacturing to selectively metalize
the 3D printed prototypes, as shown in Figure 3.19. Firstly, the prototypes were sput-
ter coated using a thin layer of Titanium as the bonding layer and then a 400 nm copper
layer as the electroplating seed. Then, instead of photolithography in a traditional SAP
process, inkjet-printing, an additive manufacturing process, was used to deposit a 20 µm
Poly(methyl methacrylate) (PMMA) mask to prevent the contact of the electrolyte and the
seed layer at the specific areas where copper should be prevented from forming during
electroplating. The shape of the mask is designed to be the projection of the negative of the
pattern in the printing direction. Multiple prints at different angles can efficiently pattern
any outer surface of any 3D prototype. After the mask is deposited on the different faces
of the 3D printed object, the prototype is soaked in a copper salt solution with a negative
charge which results in copper growth only on areas that are conductive. Approximately 5
µm ofthick copper is deposited in 40 minutes. After that, the PMMA mask is removed via
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Figure 3.19: Selective 2.5D metallization process with a arbitrary 3D object in a cross-
section view.
an acetone bath, and then the copper seed below is etched with the copper etchant in a care-
fully controlled time to prevent over-etching of the electroplated copper. Compared to the
“bath-and-bake” processes discussed in section 3.2.2, besides the capability to selectively
metalize, this approach features a much better uniformity of the conductivity, and a much
better bonding strength between prototype and the conductor, which is very important for
flexible devices. Within the three selectively metalization methods discussed in this sec-
tion, this approach features the best resolution but also requires extra equipment such as an
inkjet printer,a sputtering machine, and an electroplating equipment.
3D conformal stamp
The metallization can also be realized by using a 3D printed conformal stamp. The
3D printed flexible material, such as Formlabs Flexible resin, can provide a soft surface
with great wettability that would be necessary for high-quality stamping. The pattern to be
stamped is 1mm higher than the unpatterned section of the stamp and 0.1 mm higher on the
dielectric structure so that the pattern with ink can be easily transformed from the stamp to
the dielectric without touching the unpatterned surface. Compared to regular stamps, this
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3D printed stamp can be made conformal to any surface, including curved surfaces and
corners as shown in Figure 3.20, which enables metalization on any arbitrary 3D object
surface.
Figure 3.20a and Figure 3.20b show the stamps for a spherical patch antenna and a
power divider, respectively. Rectangular posts are printed on the dielectric spherical struc-
ture for proper alignment as shown in Figure 3.20c. The proof-of-concept ink used for the
stamp is LPKF proconduct paste. However, any conductive ink can be used for stamping.
The interior of the top hemisphere and the phase delay lines were fabricated by simply
depositing and coating with the same silver paste as no pattern is needed. The ink was
cured at 80◦C for 1 hour, and 0.06 Ohm/square was achieved. The fabrication of both the
3D dielectric object to be metalized and the metallization stamp is carried out by the same
3D printer, which can largely simplify the process and decrease the cost. Compared to the
other two methods in this section, this approach is excellent for the low-cost production of
a significant amount of pattern on curved surfaces.
3.3 Summary
This chapter introduces the AM fabrication process for microfluidics electronics by char-
acterizing the ink used in inkjet printing, discussing three inkjet-printing processes for mi-
crofluidics electronics and a special process for filter paper, and demonstrating three dielec-
tric 3D printing techniques adopted for microfluidics electronics and three selectively met-
alization methods to metalize the 3D printed objects. With these AM process, microfluidics
electronics, especially microfluidics sensors and liquid reconfigurable microwave compo-
nents can be fabricated at a low cost on demand, which enables numerous wireless liquid
sensing and IoT applications. The fabrication process introduced in this chapter are com-




Figure 3.20: 3D printed comformal stamp. Photos of (a) the stamp for the spherical patch
antennas, (b) the stamp for a power splitter utilized in the antenna array, and (c) stamping
both stamps for a composite antenna array topology.
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Table 3.2: Comparison of demonstrated AM processes for microfluidics electronics in
Chapter 3
Process Inkjet Printing 3D Printing
Bonding Molding Fully printing FDM SLA DLP
Printing setups
Printer Fujifilm Dimatix DMP-2831 Printrbot Formlabs 2 Little RP
Assistant Laser soft- None Metallization methods
techniques etching lithography (e.g. LMA, SAP, stamp)
Microfluidic channel
3D Possible Possible Yes
Height 0.5 mm >14 µm >0.8 µm 2 mm 1 mm 1 mm
Width 0.3-1.4 mm >0.1 mm >60 µm 2 mm 1 mm 1 mm
Materials PMMA, PDMS, SU-8 NinjaFlex Photopolymer
SU-8 SU-8
Sealing irreversible reversible Not applicable
Prototypes
Flexible Possible Yes Yes Limited Yes Yes
Time 1-2 hrs 1-2 hrs 3-4 hrs 2-5 hrs 2-7 hrs 0.5-4 hrs
Examples 4.1, 4.2, 4.5 4.7, 5.1, 5.2.1 6.1 4.3, 5.2.2, -
(section #) 4.4, 4.6 6.2, 6.3
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CHAPTER 4
RF SENSORS AND RECONFIGURABLE MICROWAVE STRUCTURES BASED
ON MICROFLUIDICS
In order to realize reconfigurable RF sensors and microwave components, different mi-
crowave structures with embedded microfluidics including patch antenna, loop antenna,
slot waveguide antenna, split ring resonator, dual-spiral slot resonator, dual T-resonator,
microstrip line, and step impedance low pass filter, are studied in this chapter.
4.1 Coplanar Patch Antenna
The patch antenna is chosen due to its strong E field in the gap between patch and ground
so that the resonant frequency of the patch is very sensitive to the permittivity change in
the gap, which is excellent for embedding microfluidics. A coplanar patch antenna (CPA)
fed by a CPW line is designed, while the microfluidic cavity is set between one of the
radiation edges and the ground plane, as shown in Figure 4.1a. Even though CPA has a
structure similar to the loop slot antennas, the electric field analysis of CPA demonstrates a
behavior closer to the microstrip patch antennas [110]. The phase of the electrical field is
the same on the top and bottom slots, while there is a phase change of 180 degrees between
the left and right slots, indicating that similar to microstrip patch antennas, CPAs have two
radiating edges and two non-radiating edges. The microfluidic cavity is placed on top of the
of the front radiation edge (Figure 4.1b), thus changing the working frequency according
to the fluid permittivity. In Figure 4.1c, the antenna operating frequency shifts as different
liquids fill the microfluidic channel, showing a tuning range of 500 MHz for permittivity
changes from empty to water. The simulated and measured radiation pattern results can be




Figure 4.1: A photo (a) and a drawing (b) of the microfluidics-based tunable CPA along
with measured and simulated the return loss in (c).
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(a) (b)
Figure 4.2: Simulated and measured radiation pattern of the microfluidics-based tunable
CPA on E plane (a) and H plane (b).
4.2 Loop Antenna with Balun
Loop antenna is a simple wire antenna which doesn’t have a strong E field, however, when
different fluids fill the channel, the permittivity of the liquids can control the electrical
length of the loop, and thus will determine the resonating frequency of the loop. Figure
4.3a shows a square loop designed with a microfluidic channel located right on the top
of the loop. A balun is designed to feed the loop antenna with a coaxial cable, which
constitutes a power divider and two microstrip lines with a 180-degree phase difference.
The microfluidic channel is also placed right on top of the electrically longer transmission
line. In Figure 4.4a, the zero imaginary part frequency shift from 2.4 to 2.3 GHz while
real parts are around 100 Ohm at zero imaginary part frequencies. Similar to the loop,
the permittivity change in the microfluidic channel will lead to a working frequency shift
of the balun. The phase difference between two branches is optimized to obtain the same
phase difference when liquid filled, as shown in Figure 4.4b. The simulated return loss




Figure 4.3: A photo (a) and a drawing (b) of the microfluidics-based tunable loop antenna




Figure 4.4: (a) The real part and imaginary part of impedance of the microfluidics-based
tunable loop antenna in simulation for empty and water-filled channel. (b) Phase difference
between two branches of balun in simulation for empty and water-filled channel.
62
(a) (b)
Figure 4.5: Simulated E plane (a) and H plane (b) radiation patterns of the microfluidics-
based tunable CPA for the empty channel and the water-filled channel.
influence of the ground plane in the feed circuit, radiation patterns lean up in the E plane
and lean to the right in the H plane compare to an ideal large circular loop. A frequency
shift from 2.45 GHz (empty channel) to 2.28 GHz (water-filled channel) can be observed,
which shows a good agreement with simulation results. This design takes advantage of the
relation between phase velocity and permittivity. As this influence is not as strong as slot
capacitance and permittivity, the sensitivity is smaller than antenna structures with slots.
4.3 Slot Waveguide Antenna
A slot waveguide structure was used with a microfluidics channel right underneath the slot
as shown in Figure 4.6. For different fluids inside the channel, the electrical length of the
slot is changing. This sensor is designed for wearable applications: the material used in
very flexible so that it can be bent to be conformal to the body and the SIW structure can
effectively prevent interference between the human body and the RF signal. The permit-
tivity value of the fluids is varying for different solution contents inside the microfluidic
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Figure 4.7: Diagonal view of 3D printed air core SIW which is cut in half to show the
cross-section of the SIW.
In general, photopolymers feature a high dielectric loss, which would significantly af-
fect the performance. Thus the SIW was designed to have an air core inside, which also
decreases the stress of the material when bent and facilitates better flexibility. The pre-
sented SIW transmission line uses side walls on both sides to reduce the radiation loss.
However, due to the 3D printing constraints, the resin trapped inside the cavity needs to
have an opening so that it can flow out. Thus vias are applied to the two ends of the SIW
to replace the side walls. The SIW cross-section shown in Figure 4.7 is 2 mm thick in total
with a 1-mm-thick air core, and has 15 mm width for 50 Ω impedance matching. Two 1
mm width supportive walls are designed to be located at the 1/3 and 2/3 width positions,
effectively preventing the deformation of the structure during bending.
The sensor was measured with an Anritsu VNA for air, ethanol, and water inside the
channel. Observing S11 in Figure 4.8, it’s easy to notice the resonant frequency is shifted
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Figure 4.8: S11 of the antenna sensor when different fluids or air filled in channel.
with permittivity while the loss of fluids affects the bandwidth/Q-factor of the antenna.
Good linearity can be seen for the sensor as shown in Figure 4.9, and the ethanol variance
from simulation and measurement may be due to impurities in the ethanol solution used.
In Figure 4.10, the frequency with the maximum slot waveguide gain is also shifted to a
lower frequency when filling the underlying microfluidic channel with water, showing that
the operation frequency of the antenna was shifted accordingly for different contents of the
channel.
4.4 Split Ring Resonator
A tunable band-stop filter, as shown in Figure 4.11a, is designed based on the split ring
resonator (SRR), which is a commonly used metasurface unit cell. The SRR unit cell can
be modeled as an R-L-C circuit as shown in Figure 4.12a, where R represents a parasitic
loss, L is the loop inductance, and C is the gap capacitance. A microfluidic channel can
be easily run over the gap in the SRR. When liquids of different permittivity are present
over the gap, the capacitance of the gap changes due to changes in the displacement field
strength, which leads to a change in the resonant frequency of the SRR. By closely coupling
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Figure 4.9: The relation between the resonant frequency shift of the sensor and the per-
mittivity value of the material filled in the channel. The line shows the simulation result,
and the triangles are the measurement results for empty, ethanol-filled, and water-filled
channels.




















Figure 4.10: Maximum gain of the slot waveguide antenna for the empty channel and the
water-filled channel. Due to the dielectric loss of water and impedance mismatching, the




Figure 4.11: A photo (a) and a drawing (b) of the microfluidics-based tunable SRR band-
stop filter.
the SRR to the CPW line, as shown in Figure 4.11b, energy transfer occurs from the line
to the resonator near the resonant frequency, which causes a band-stop effect. For the
sake of investigating suitable sensitivity, a different slot size is simulated. As shown in
Figure 4.12b, sensitivity grows with b, while the strength of resonance is decreasing. The
best sensitivity in Figure 4.12b is 0.8 %/εr when b is 5 mm. But the insertion loss for
b=5 with water filling is only -6 dB, which shows a limited tunable range. This set of
simulations demonstrates the possibility of developing a super sensitive sensor for low
permittivity fluid. However, a large sensitive range is needed, since water is the most
common fluid and has a relatively high permittivity. Therefore, a 1 mm slot length is chosen
for fabrication and measured for superior bandstop ability.
Figure 4.13a shows the comparison between simulated and measured insertion loss (IL)
of the band-stop filter for the various fluids. When the channel is filled with air, the resonant
frequency of the filter is 2.4 GHz which is in good agreement with the simulation results.
The pass-band is above -2 dB both below and above the resonant frequency. As higher
permittivity fluids are introduced, the resonant frequency of the filter decreases all the way




Figure 4.12: (a) the equivalent circuit of microfluidics-based tunable SRR. (b) Sensitivity
change with different slot in simulation.
a 28 % change in resonant frequency, or approximately 0.4 %/εr. The 3 dB bandwidth of
the filter ranging from empty, to filled with hexanol, glycerol and water are 8.3 %, 8.5 %,
13 %, and 12.6 %, respectively.
Typical devices have a temperature range in which they optimally perform. In the
case of disposable microfluidic RF devices, it is vital to quantify stability versus variation
in temperature. This is even more important in fluid-tunable or sensing systems as there
will not only be temperature variation of the system itself, but typical fluids experience a
drastic change in permittivity over temperature [15]. As a calibration, the system is initially
filled with air, and the temperature of the test chamber is raised from room temperature, or
297 K, to 332 K (23 to 60 ◦C). The S-parameters of the filter are recorded along with the
steady state temperature within the chamber. The results of the calibration test, displayed
in Figure 4.14, show that the resonant frequency of the system experiences less than 1 %
variance over a temperature range of 297 K to 332 K. Upon returning to room temperature,
the resonant frequency returns to its initial value as well. Therefore, this variance can
be calibrated out of the final measurement result in practical systems. To measure the




Figure 4.13: (a) Measured and simulated insertion loss (IL) of the SRR for different fluids
pumped into the channel. (b) Resonance frequency shift (in percentage) of the SRR due to
different fluids in the channel.
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Figure 4.14: Measured resonance frequency shift (in percentage) due to temperature change
with empty and water-filled channels for the SRR sensor.
and the temperature is then raised from 297 K, to 332 K, allowing the device to reach steady
state before moving to the next temperature. Water is known to have a significant change
in permittivity over temperature. Catenaccio reports a decrease of 21% in permittivity
from 297 K, to 332 K [15]. It can be seen in Figure 4.14 that the resonant frequency shift
when the resonator is loaded with water increases approximately 9 % over the temperature
range due to the decrease in permittivity of the water. Using the results from the sensitivity
measurement in Figure 4.13b, which yields a change of 0.4 %/εr, along with the reported
21 % change in permittivity of water over the measured temperature range, an 8.4 % change
is expected which matches very closely with the measured 9 % change. These extremely
promising results show that the device can not only be used as a tunable filter, but also a
temperature sensor. Again, the resonant frequency returns to its original value when the
device returns to room temperature.
4.5 Dual-spiral Slot Resonator
Slot structures are very appropriate for microfluidics-based sensing as the permittivity value
changes in the slot will drastically change its capacitance, which results in a shift of its res-
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(a) (b)
Figure 4.15: (a) A photo of the fabricated microfluidic dual-spiral slot resonator sensor
prototype. (b) A photo demonstrating the attachment of the sensor prototype on the wrist.
onant frequency and thus makes it an RF parameter. A dual-spiral-shaped slot resonator
topology, as shown in Figure 4.15a, features a relatively high Q-factor while being a simple
structure. The device is very flexible and can be worn on the wrist as shown in Figure 4.15b.
The microfluidic channel is placed right on top of the longest slot to achieve a better sen-
sitivity due to the locally stronger E-field. Two dual-spiral slot resonators are embedded in
the two ground planes of a coplanar waveguide (CPW) so that the transmitted energy over
this line would be trapped in the resonator at frequencies near the resonating frequency
leading to an easy-to-detect bandstop characteristic.
The dual-spiral slot resonator structure can be modeled using lumped elements, as
shown in Figure4.16b. Based on the transmission line theory and the spectral domain
approach [111], the circuit can be simplified to the parallel RLC circuit [112] and the pa-

















Figure 4.16: (a) A drawing of the microfluidics-based tunable dual-spiral slot bandstop





where f0 is the resonant frequency, Z0 is the 50 Ω characteristic impedance of the coplanar
waveguide, S21 |f=f0 is the numerical value of the insertion loss at the resonant frequency,
a is the numerical value of the insertion loss at -6 dB cutoff frequencies, and ∆f is the
bandwidth between two -6 dB cutoff frequencies. Based on the measurements, the values
of the equivalent lumped elements for both empty channel, and water-filled channel con-
figurations were extracted through the use of the equations above and are shown in Table
4.2.
Table 4.1: Dimensions of the proof of concept SSR sensor in Figure 4.16a
Name Dimension (mm) Name Dimension (mm) Name Dimension (mm)
a 4 b 6 c 2.4
d 1.6 e 1.2 g 0.1
w 6.4 s 0.3 x 0.55
To characterize the performance of the proposed sensor, a droplet of each different
fluids under test was dripped to one of the two openings of the microfluidic channel. Due
to the small size of the channel, the capillary action happens: when a dry channel opening
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Table 4.2: Extracted parameters for equivalent parallel RLC circuit model for SSR sensor
in Figure 4.16a
State of microfluidic channel Empty Channel Water-filled channel
Resistance R (Ω) 767.34 275.22
Capacitance C (pF) 0.80 1.68
Inductance L (nH) 2.10 3.13
is brought into contact with a liquid, it will imbibe the liquid at a rate which decreases with
time. As the channel has the same size all the way between the two openings and the device
prototype is placed horizontally to make sure that gravity’s effect is negligible, the liquid
would flow into the channel and fill the channel automatically. In this way, no microfluidic
connector, pump or tube is needed but only a droplet of the fluid, thus simplifying the
system while saving the bulk of the fluids under test. Due to the hydrophobic property of
SU-8 and PDMS, the electrical and microfluidic parts were treated separately for 5 min in
a UVO cleaner before filling water into the channel. Between consecutive tests with the
same or different liquids, the two parts were demounted, cleaned by dry and cool air flow
and mounted together again. A Rhode and Schwartz ZVA-8 VNA was used to measure the
S-parameters of the device prototype under various fluids and bending conditions.
The sensitivity of the proposed device prototype is tested by several different fluids or
fluid mixtures: water, ethanol, glycerol, hexanol, and water-glycerol mixtures with three
different mixing ratios. The simulated and measured values of the insertion loss of the
proposed resonator for different fluids in the channel can be found in Figure 4.17. A very
significant frequency shift when replacing hexanol (εr = 3) with glycerol (εr = 4) can be
observed, though the relative permittivity difference is barely 1 and the cross-section of the
proposed sensing channel is as small as 5.4 × 10−6 × λ20. The variance of the stopband
attenuation and the bandwidth for different fluids filled channel is due to the dielectric
loss of various fluids and the mismatches as the frequency shifted largely. In Figure 4.18, a
good logarithmic linearity can be observed in both simulations and measurements at around




Figure 4.17: Measured and simulated resonant frequency change for fluids with different
relative permittivity values: (a) four different pure liquid and air. (b) water-glycerol mixture
with different mixing ratio.
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Figure 4.18: Measured and simulated values of the resonant frequency shift for different
relative permittivity fluids in the channel of the slot resonator, demonstrating a logarithmic
linearity of the sensor prototype.
channel, which results in a sensitivity around 37%/log(εr)/uL. Any 0.4 log(εr) change will
lead to a frequency shift larger than one 3dB bandwidth (10% for low-loss fluids), while
the sensor resolution heavily relies on the system’s resolution. The higher resolution of the
analog to digital converter, the smaller frequency sweep step, and the lower noise source,
the better the sensor resolution. The resonant frequency of the bandstop filter shifts by
43.8% in Figure 4.17a, from 3.9 GHz to 2.19 GHz when an empty channel is replaced with
a water-filled channel. The sensor prototype was held above the ground to minimize the
ground interference effects and to ensure the same measurement configuration for different
liquids under test as shown in Figure 4.19a.
In addition to a good sensitivity, endurance and stable performance for different bending
conditions are essential. To test the performance under bending status, the sensor proto-
type is measured flat (Figure 4.19a) and bent around four low-dielectric (εr < 2) cylinders
with four different radii: 7 mm, 10 mm (Figure 4.19b), 27 mm, 35 mm. An example of an
experimental setup for a bent configuration with a 10mm radius is shown in Figure 4.19b




Figure 4.19: Photos of mesurement setup for flat sensor (a) and bent sensor (b) along with
the measurement result in (c).
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sertion loss values for the configurations of an empty channel (εr = 1) and a water-filled
channel (εr = 73) for the four different cylinders and the flat configuration is shown in
Figure 4.19c. Less than 130 MHz resonant frequency shifts and a smaller than 1.1 dB in-
sertion loss variation are observed verifying a reliable performance for both bent and flat
mounting conditions. After bending for 30 times, the insertion loss of the sensor prototype
in the flat configuration was measured again and was very close to the initial measurements
demonstrating good reusability and reliability between pre-/post-bending performance.
4.6 Dual T-resonator
Two T-resonators in parallel, as shown in Figure 4.20a, are integrated with fluid-tunable
varactors. These two T-resonators, with their different physical sizes, resonate at different
frequencies: the larger one (sensor 2) is 1.5 times larger than the smaller sensor (sensor 1),
as shown in Figure 4.20b, so that the resonance of the sensors without any fluid is around
6 GHz (sensor 1) and 4 GHz (sensor 2), respectively. The microfluidics varactors operate
based on a capacitor and a microfluidic cavity is placed over the capacitive gap to shift
the effective permittivity between the plates and thus the capacitance. To obtain similar
sensitivity, sensor 1 and sensor 2 have a ratio of 3:2 for the gap width in the varactors and the
cavity size, as presented in Table 4.3. As the two T-resonators are in parallel, and resonant
at different frequencies, the frequency shift of each sensor can be read independently.




Cavity in sensor 1 3 1.6 0.5
Cavity in sensor 2 4.5 1.4 0.5
Channels(each) 0.5 1 0.75
In Figure 4.20c, from an empty to a water-filled cavity, resonant frequencies shift 42.8%




Figure 4.20: A photo (a) and a drawing (b) of the microfluidics-based tunable dual T-
resonator bandstop filter along with measured and simulated the return loss in (c) with




Figure 4.21: Measured and simulated resonant frequency change for fluids with different
relative permittivity values in only one of the two sensors. (a) Fluids are in sensor 1 while
sensor 2 stays empty. (b) Fluids are in sensor 2 while sensor 1 stays empty.
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both sensors. The independence of the two sensors is demonstrated by filling one channel
with fluids while keeping the other one empty. In Figure 4.21, the resonant frequency of
the empty-cavity sensor stays almost constant while the sensor filled with different fluids
has a frequency shift similar to Figure 4.20c, where both sensors are filled with fluids. In
Figure 4.21a, sensor 2’s small positive shift when the relative permittivity in sensor 1 is
more than 40 is due to the influence of sensor 1’s shifted resonance as the two sensors have
very close resonant frequencies in this situation. Considering the situation of calibrating
two similar fluids, the relative permittivity difference of two fluids is much less than 40 in
most cases; overall this calibration system has a high independence between two sensors.
Besides, good logarithmic linearity with a similar slope can be found for two sensors.
Based on the resonant frequency shift in one sensor, the shift in another sensor for same
fluid can be calculated, indicating that the two independent sensors can work together as a
calibration and measurement set.
4.7 Microstrip Line and Step Impedance Low Pass Filter
The microstrip line is one of the most widely used transmission line structures in microwave
systems, which constitutes a signal line, a dielectric substrate, and a ground plane. By
embedding microfluidic channels into the substrate as shown in Figure 4.22b, a liquid-
reconfigurable microstrip line can be easily designed. These microstrip lines can be mod-
eled with the equivalent circuit in Figure 4.22a, in which the capacitance value is changing
as a function of the permittivity values of the liquids filling the channel. As the character-
istic impedance of the line depends on the capacitance of the tunable capacitor, its value
varies with the permittivity of the fluids inside the microchannel.
As a proof-of-concept, two inkjet-printed microstrip line prototypes of this topology
were fabricated with the dimensions listed in Table 4.4. Figure 4.22c shows the photo of
the fabricated microstrip line 2 that features only minor dimension differences in the height





Figure 4.22: Fully inkjet-printed microfluidics sensors.
(a) The equivalent circuit of the proof of concept fully inkjet-printed liquid-reconfigurable
microstrip line. The variable capacitance stems from the varying permittivity of the liquid
inside the microfluidic channel. (b) A sketch of the cross-section view of the
liquid-reconfigurable microstrip line. (c) A photo of the proposed fully inkjet-printed
liquid-reconfigurable microstrip line prototype. (d) A photo of the fully inkjet-printed
low-pass filter-based microfluidics sensor prototype. (e) Enlarged under-telescope view of
the zone within the rectangle in (d). (f) A photo of measuring the sensor with a probe
station. A red-dyed water drop was deposited to the inlet of the channel to fill the channel
through the capillary effect. Two ground-signal-ground (GSG) probes were in contact
with the sensor prototype and were connected to a VNA via SubMiniature version A
(SMA) cables. (g) A schematic of the topology of the low-pass filter-based microfluidics




Figure 4.23: Measured and simulated results of the sensors in Figure 4.22.
(a) Impedance vs. ”liquid” permittivity relationship (simulated and measured) for the two
fully inkjet-printed liquid-reconfigurable microstrip line prototypes in Table. 4.4,
effectively defining the sensor sensitivity. (b) Measured signal attenuation when different
fluids are fed to the channel as well as for an empty channel along with the simulated
attenuation for an empty channel.
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1. Microstrip line 1 was initially designed (empty channel) for a 50 Ohm characteristic
impedance, which is the most common/reference impedance value in microwave designs.
For the different filling liquids with a range of relative permittivities, the impedance can be
tuned to as low as 31 Ohm (38% shift) as shown in Figure 4.22d. Similarly, microstrip line
2, which has an 87 Ohm default impedance, can be tuned down to as low as 67 Ohm (23%
shift) with various liquids, as clearly shown in Figure 4.22d. Due to its larger channel height
and wider signal line width, Microstrip line 1 is more sensitive to different fluids inside
the channel compared with line 2. This liquid-reconfigurable microstrip topology could be
potentially utilized in numerous applications including reconfigurable impedance matching
in communication systems as well as wireless biosensing and water quality monitoring.
Table 4.4: Dimensions of the two embedded-microfluidics liquid-reconfigurable microstrip
line prototypes in Figure 4.22b
Name Channel Channel Substrate height Signal line width
height (ch) width (cw) bottom (h1) top (h2)
line 1 50 µm 600 µm 11 µm 66 µm 0.32 mm
line 2 30 µm 600 µm 11 µm 66 µm 0.12 mm
Based on the above introduced liquid-reconfigurable impedance-tunable microstrip line
topology, a step impedance low pass filter was built alternating high- and low-impedance
transmission line sections. Figure 4.22e and 4.22f shows photos of a fabricated prototype
and Figure 4.22g lists the dimensions of the structure. This low pass filter would allow
the propagation of low-frequency signals (under 13 GHz, passband), while attenuating sig-
nals at higher frequencies (stopband). The amount of attenuation strongly depends on the
characteristic impedance of the transmission line sections, which varies for different flu-
ids inside the channel. As a consequence, the fluid permittivity can be effectively sensed
through the amount of the signal attenuation at higher frequencies while the signal atten-
uation at lower frequencies (passband) can be used as a calibration. The measured signal
attenuation (or insertion loss, S21) (Figure 4.22g), matches the electromagnetic simulation
results and demonstrates an excellent sensitivity as high as four dB/εr. The signal attenu-
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ations values of the sensor when filling the channel with hexanol and ethanol featuring a
relative permittivity difference of only 2.2 can be easily distinguished by a larger than 2dB
difference, thus verifying the potential applicability of this inkjet-printed sensor topology
to various fluid sensing applications, such as laboratory analysis, wireless liquid quality
monitoring and distributed healthcare.
4.8 Summary
This chapter discusses several microfluidics-embedded microwave components for tunable
RF electronics and liquid sensing application. The microwave structures introduced in
this chapter are compared in Table 4.5. Three types of antennas (patch antenna[88], loop
antenna[90], and slot waveguide antenna[113]) and three types of resonators (split ring res-
onator[89], slot resonator[114], and T resonator[91]) are studied as their resonant frequency
can shift with dielectric permittivity of the liquid. Reconfigurable antennas are especially
interesting as they can adapt to changing system requirements or environmental conditions,
thus save space and expense for extra components. By embedding microfluidics channels
to different antennas, a microfluidics-enabled reconfigurable antenna can be built, featur-
ing low cost, high power handling capability, and high flexibility. A higher sensitivity is
usually associated with a stronger E field and a larger volume of liquid. Therefore, res-
onators, especially the ones with slots, feature a very high sensitivity (e.g., 44% frequency
shift from empty to water-filled channel) and are excellent candidates for wireless sensing.
Besides resonant-based structures, a liquid-reconfigurable microstrip line along with a step
impedance low pass filter based on the microstrip line is presented, showing the potential
of embedding microfluidics in various structures to enable high reconfigurability[115].
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Table 4.5: Comparison of microfluidics-based microwave structures demonstrated in Chap-
ter 4




Coplanar patch 3.8 GHz 13%
Loop and balun 2.4 GHz 7% Non-slot based tuning
Slot waveguide 12.5 GHz 7% wearable application
Resonators
Split ring 2.4 GHz 28% Temperature sensor practice
Dual-spiral slot 3.9 GHz 44% Flexiblity tests
Dual T 4.0/6.0 GHz 39/43% Liquid calibration practice
Transmission




13 GHz - Attenuation reconfigurable
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CHAPTER 5
RFID PLATFORMS FOR MICROFLUIDIC SENSING
Radio-frequency identification (RFID) using backscattering electromagnetic signals can be
used to realize wireless communication between the reader and the RFID tag for identifi-
cation, tracking, and sensing applications, such as airport baggage tracking, access control,
payments, and library book management. This chapter focuses on microfluidics sensing
applications as RFID can enable real-time wireless sensing at a low cost which plays an
essential role in distributed health care, food quality sensing, and ubiquitous environmen-
tal monitoring. Depending on its power source used to transmit electromagnetic waves,
an RFID tag is classified either as an active tag (local battery), or a passive tag (interro-
gation with reader’s radio waves). Due to the absence of the battery, passive tags have a
much longer lifespan and are of special interest. Section 5.1 shows an interesting approach
to combine wireless electrical sensing and comprehensive chemical sensing using passive
RFID. Designs for RFID tags with IC components removed, known as chipless RFID tags,
are then researched as they can further reduce the cost effectively. Both frequency mod-
ulated and phase modulated chipless RFID can be combined with microfluidic sensing as
discussed in section 5.2.1 and section 5.2.2, respectively.
5.1 RFID-based Comprehensive Sensing Platform: Smart Test Strip
By combining RFID and paper-microfluidics technologies, a low-cost first-of-its-kind plat-
form for comprehensive liquid sensing, the “smart test strip”, is presented, which enables
portable wireless real-time liquid sensing with handhold devices (e.g. cell phones), and
integration of various multifunctional electrical and chemical sensors, for numerous Lab-
On-Chip (LOC) applications including manufacturing control, environmental monitoring,
and point-of-care medical diagnostic.
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Test strips are widely used in chemical and biomedical assays in virtually every sce-
nario from industrial manufacturing control to personal healthcare, as they are typically
disposable, lightweight and easy to use. In order to enhance the functionality of test strips,
in 2007, Whitesides and colleagues developed paper-microfluidics[63]. They patterned the
channel and divided the paper into different functional areas, by printing hydrophobic walls
on paper. Since then, paper-microfluidics and paper-based microfluidic analytical devices
(uPAD) have been in the spotlight as they enable the integration of multiple chemical tests
into a single strip[64, 65, 66] at a very low cost due to the additive manufacturing meth-
ods used[67, 68]. The more sensors the sensing platform includes, the more effective and
comprehensive information about the tested liquid the tester can learn. It is natural to inves-
tigate whether it would be possible to integrate more sensors in a cost-effective way within
these small test strips.
Recently, the number of electrical and electrochemical liquid sensors has grown signif-
icantly, as these sensors can easily turn the liquid information into electrical signals, which
can be easily transmitted and recorded[116, 117]. Of special interest are the permittivity
and conductivity values of the liquid under test, which effectively disclose contents’ infor-
mation. For example, fat content in milk[12] and fermentation of wines[13] can be easily
monitored by the permittivity value, while the contamination of ground water can be de-
tected by an abnormal conductivity value[14]. By embedding the microfluidic channel into
the electrical circuits, various microfluidics sensors have been developed to enable real-
time monitoring[20, 117, 114]. Combining passive Radio-frequency identification (RFID)
technologies, the sensing information obtained from microfluidics sensors can be sent out
wirelessly while eliminating the need for power / batteries [118, 119, 120]. Simply, a small
RFID chip and an antenna can constitute a well-functioning passive RFID tag commonly
used in tracking, locating and recently sensing applications. This light-weight low-cost and
compact approach happen to be in the same route as µPAD, so it is natural to combine these
two technologies to build a new generation of wireless comprehensive sensors - the smart
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test strips.
This section presents the integration of paper-microfluidics chemical sensors and RFID-
enabled wireless electrical sensors for comprehensive liquid sensing for the first time.
On one side, regular paper-microfluidics chemical sensors usually use a specific chemi-
cal reagent in each sensor to detect a specific content, such as glucose or protein[64, 65,
66]. On the other side, electrical sensors sense liquid’s information, such as conductiv-
ity or permittivity, which is a composite result of all liquid’s contents[20, 121, 117, 114].
The smart test strip can obtain information from both (individual/composite), which allows
for more degrees of monitoring, increases the information capacity, and significantly saves
tester’s time and effort. Compared with traditional sensors or sensing platforms, this new
system can provide comprehensive information in a wireless and portable approach, which
improves the efficiency drastically and enables next-generation liquid sensing.
5.1.1 System Overview
The smart test strips system consists of various smart strips and one reader as shown in
Figure 5.1. Within every individual test strip, there are multiple chemical sensors, such as
pH, glucose and protein, which are divided in different sections and deposited with differ-
ent reagents that react with the testing content and produce colorful compounds. Based on
the color intensity, the concentration of the chemical content under test can be detected.
Various researchers in the chemical and biomedical area have reported numerous sensors
of this type [63, 64, 65]. In addition to the chemical sensors, multiple electrical sensors,
such as permittivity sensors, conductivity sensors, and temperature sensors, can be em-
bedded within the test strips taking advantage of their inherent property to easily trans-
late the liquid’s information to a resistance or capacitance change. The RFID chip then
digitizes the resistance or capacitance to a binary signal, which is afterwards transmitted
back through the antenna to the reader/gateway employing backscattering techniques. The




























Figure 5.1: A block diagram of the smart test strips system-level operation principle.
within the liquid under test, while the electrical sensors provide the comprehensive overall
status including the composite effect of all contents.
A proof-of-concept prototype of the smart test strip platform with two electrical sensors,
three chemical sensors, and an antenna, is shown in Figure 5.2a and another realization of
the same system topology including an electrical sensor, a chemical sensor and an antenna
operating in lower frequencies is shown in Figure 5.2b. The smart test strip can also be
realized on off-the-shelf chemical sensors such as the PH strip shown in Figure 5.3a, with
the cross-section view of the microfluidic channels demonstrated in Figure 5.3b. When
a drop of liquid reaches the opening of the stand-alone channel, the channel imbibes the





























Figure 5.2: A photo of fabricated smart test strip prototypes working at (a) wireless and (b)
near-field communication (NFC) frequencies.
sensors inside the stand-alone channel and then comes to the paper-microfluidics to interact
with the chemical reagents.
On the reader side, portable devices, such as cell phones, can perform the reading eas-
ily: the phone cameras can be used to digitize the intensity of color of each chemical sen-
sor[101]; the antenna on the phone can transmit and receive the RFID backscattering signal
in the meantime. The phone can then send the signal to an off-site laboratory for analysis
by a trained professional or immediately filter it through preset criteria in the phone and
















Paper SU-8 PMMA/channel Silver
(b)
Figure 5.3: (a) A photo of multiple smart electrical sensors integrated on pH test strips
along with an inserted photo (right) of one pH smart strip tested by vinegar confirming the
unaffected good performance of the chemical sensor. (b) A drawing of the cross-section
view of the smart test strip channel topology.
As inexpensiveness, scalability, and disposability are key requirements to ensure the
ubiquitousness of the smart test strips, additive manufacturing techniques with adequate
resolution would be among the best fabrication solutions. To the best of author’s knowl-
edge, inkjet-printing is the only AM tool that can facilitate the fabrication of all three
parts of the smart test strip, (microfluidics, paper microfluidics, and RFID tags) easily and
cost-effectively, so it is one of the best candidates for the fabrication of the smart test strips.
Compared with fabricating these three parts separately and assembling afterwards, the fully
inkjet-printing process can effectively eliminate the equipment cost, while saving time and
space of assembly. Section 3.1.5 describe the fabrication techniques enabling the low-cost
on-the-demand fabrication of the smart test strip sensing platform.
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5.1.2 Sensor on Strip
Microfluidics-based electrical sensors have been developed for different applications, such
as temperature sensing[117], heavy-metal ion monitoring[122], and glucose concentration
detection[25]. Most of them take advantage of the permittivity or conductivity of different
liquids by comparing either the current-voltage (I-V) curves or the frequency responses.
IDE structures
Figure 5.4a shows an electrical sensor on a smart test strip that can enable multiple
sensing functions. Interdigitated electrodes (IDEs) were used in this prototype as they
effectively increase the surface (sensing) area of the electrodes without increasing the total
sensor area. The microfluidic channel is placed right on the top of the IDEs to maximize
the sensitivity.
The equivalent circuit of the IDE structure is shown in Figure 5.4c; the measured
impedance can be approximated by a parallel RC circuit. On the one hand, the total re-
sistance (Rtotal) can be modelled as two resistors in parallel: a constant resistor (R0) due
to the filter paper and a varying resistor (R) due to the liquid inside the channel. Thus, the








≈ R = deff
Aeff
× ρ. (5.1)
where deff and Aeff are the effective distance and cross-section surface area between the
two gap-separated interdigitated electrodes, while ρ is the resistivity value of the liquid in
the channel. In most cases, R0 is very large, so the approximation in (5.1) is valid and the
measured resistance (Rtotal) is linearly proportional to the resistivity (ρ) of the liquid inside
the channel. On the other hand, similarly, the total capacitance (Ctotal) can be calculated
through the parallel combination of two capacitors: a constant capacitor (C0) due to the
filter paper and a varying capacitor (C) due to the liquid inside the channel. The relation
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Figure 5.4: (a) A photo of a printed sensor prototype compared to an 1-cent coin. (b)
Magnified view of the interdigitated electrode (IDE) structure in the dashed square in (a).
(c) Equivalent circuit of the IDE sensors.
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between the varying permittivity (εr) and the detected capacitance (Ctotal) can be calculated
applying the parallel-plate capacitor model and is given by
Ctotal = C + C0 ≈
Aeff × ε0
deff
× εr + C0. (5.2)
εr is the relative permittivity of the tested liquid, while ε0 is the free space permittivity. With
the approximation in (5.2), the measured/sensed composite capacitance (Ctotal) is linearly
proportional to the relative permittivity (εr) inside the channel.
To simplify the real-time measurements and avoid dealing with complex impedances,
the IDE structure can be treated as either a resistor or a capacitor: in the case that the tested
liquid has a relatively high conductivity or DC voltage is applied (Rtotal << 1ω×Ctotal ,
where ω is the measurement radial frequency), the imaginary part of the impedance can be
neglected and the IDE structure can be seen as a simple resistor; otherwise, if the tested
liquid is non-conducting and AC voltage is applied, the IDE structure can be approximated
by a capacitor.
Resistivity-based Sensing
Resistivity-based sensors are widely used in electrochemical sensing, especially for ion
detection. In water quality testing, resistivity values usually imply the salinity[123], which
has a large impact on plant’s growth and agriculture, as high-salinity water would dehy-
drate and kill the plants. Moreover, the conductivity of the water is strongly related to the
ion concentration. For example, sea water’s conductivity is one million times higher than
that of deionized water, and the conductivity of various aqueous sodium chloride (NaCl)
solutions with different concentrations are shown in Table 5.1. Therefore, resistivity-based
sensors play an essential role in water quality test kits and are of significance in the smart
test strips.
An IDE-based resistivity sensor was simulated by COMSOL Multiphysics modeling








Figure 5.5: (a) Measurement setup for the microfluidic sensor testing. (b) Simulated and
measured the average resistance of the sensor for filling liquids with different concentration
(resistivity), along with the error bars showing the standard deviations of 20 replicas that
were measured ten times each. (c) Simulated and measured average capacitance of the sen-
sor for filling liquids with different dielectric constants, along with the error bars showing
the standard deviations of 20 replicas that were measured ten times each.
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Table 5.1: Conductivity of different sodium chloride (NaCl) aqueous Solutions for Various
Concentrations[124]






with a parallel RLC setting as shown in Figure 5.5a. The LCR meter was connected to
two probes, which were calibrated with open and short circuits before performing the mea-
surement. The simulated resistance of the sensor (the simulated results were derived from
the complex impedance of the equivalent circuit shown in Figure 5.4c) versus resistivity
of the liquid inside the microfluidic channel is shown in Figure 5.5b, along with mea-
surement results for various sensor-filling aqueous solutions of sodium chloride featuring
a sensitivity of 1782 Ω/(Ω·m), which is superior compared to subtractively manufactured
IDE sensors[125]. The concentration of the sodium chloride in the water can be easily
determined from the measurements.
Permittivity-based Sensing
The values of permittivity (also called dielectric constant in some cases) of the liquids
in the natural environment vary widely, as shown in Table 5.2. Mixtures of two or more
fluids can feature a wide range of continuous permittivity as a function of the mixing ratios
[126]. Similarly, the permittivity of the solution varies depending on its concentration[11].
Thus, if a device is capable of detecting small changes in the permittivity values of a liquid,
it may deduce a significant amount of information about it.
Similar to the resistance-based sensing, the relationship between the measured capaci-
tance and the liquid’s permittivity was simulated by the COMSOL modeling software and
measured with the LCR meter at 1 kHz with the results displayed in Figure 5.5c. The sen-
sor prototype was characterized by 4 different materials (air and three organic fluids) filling
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Table 5.2: Dielectric constant of air and three organic fluids at 1 kHz and room tempera-
ture[127]






the microfluidic channel with the respective dielectric constants shown in Table 5.2, fea-
turing an excellent sensitivity of 15%/εr (or 0.15 pF/εr), which enables the sensing of very
small liquid content changes and is superior compared to subtractively manufactured IDE
sensors[125, 128]. For example, the permittivity of ethanol and water mixtures is varying
by 5.5 for every 10% weight mixing ratio difference at room temperature, according to [9].
Therefore, if the prototyped sensor is used in alcohol/wine testing, the sensitivity would
be 8.25%/wt.%, which means 1% of mixing ratio changes will lead to 8.25% capacitance
variation, given that the measured sensitivity is 15%/εr.
5.1.3 Wireless Interrogation
RFID technologies could potentially revolutionize the efficient wireless interrogation of
the smart strip sensors. As the smart test strips are designed to work with portable devices,
such as cell phones, that read the RFID while scanning the color of a chemical sensor at
the same time, a small reader range (< 20 cm) would be required, which fits very well with
the use of passive RFID’s, that can be woken up / interrogated with very low power levels
while eliminating the need for batteries. Recently, new RFID sensor chips enabling the
Internet of Things (IoT) were invented at both academia[129, 130] and industry, while new
RFID chips at HF and UHF band that have multiple external pads for resistivity reading
have been on the market, such as Melexis MLX90129, TI RF430FRL, AMS SL13A, and





Figure 5.6: (a) The schematic of the external circuit to the RFID chip. (b) A photo of the
measurement setup of a smart test strip with an NFC RFID reader.
easily converted to binary code and sent to the reader through the use of antennas. Typical
smart test strip configurations allow for the easy and direct integration of the antennas on
the filter paper, which largely simplifies the process and decreases the resulting cost.
Wireless System Realization and Testing
For proof-of-concept purposes, a smart test strip was designed with a coil antenna
working at 13.56 MHz, an AMS SL13A RFID chip, two resistors and a resistivity sen-
sor, as shown in the Figure 5.2b. 13.56 MHz wireless configurations were chosen due to
the widely-available off-the-shelf RFID / Near Field Communication (NFC) chips and due
to many existing phones being equipped with the NFC capability for applications such as
mobile payments. The schematic of the external circuit connected to the chip is shown
in Figure 5.6a. A coil antenna with a capacitive structure at the end was designed with
Ansoft HFSS to resonate at 13.56 MHz. The coil in Figure 5.2b features a size similar
to credit cards, while in space-constrained scenaria, more miniaturized antennas operat-
ing in higher frequencies can be used. By harvesting RF power from the reader, the chip
can supply 3.4-V output voltage (at VEXT ) to the sensor circuit. The ADC circuit in the
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Figure 5.7: Calculated wireless reading of the smart test strip prototype in an NFC chip
configuration along with measured values for sodium chloride aqueous solutions of differ-
ent concentrations, along with the error bars showing the standard deviations of measuring
the sample for 20 times.
chip (at SEXT ) can convert voltage values between 300 mV and 600 mV to 10-bits digits,
therefore two resistors (12 kΩ and 1.2 kΩ, respectively) were used to divide the output
power appropriately to the sensor. Figure 5.6b shows the measurement setup for the wire-
less interrogation of the test strip. The strip was read by an AMS AS3911 general purpose
NFC reader in a 1-cm distance and the connected computer decoded the NFC signals into
a unitless numeric sensing readout from -100 to 60 as shown in Figure 5.7. Firstly, vari-
ous voltages were applied to SEXT and respective readings were recorded to calculate the
curve in Figure 5.7, which demonstrates the performance of the RFID tag platform. Then
the IDE-based resistivity sensor was added and sodium chloride aqueous solutions with
four different concentrations were filled to test the performance of the integrated system.
For the above mentioned configuration, the sensor can sense the resistance change of the
sensor from 0 to 1300 Ω, with an average minimal detectable resistance change (sensing
resolution) of 1.33 Ω, demonstrating an excellent wireless sensing capability of the smart
test strip.













Figure 5.8: Inkjet-printed meander-line dipole antenna on filter paper for wireless smart
test strips.
Figure 5.9: Simulated and measured return loss (S11) of the inkjet-printed dipole antenna
on filter paper.
Wireless frequencies, e.g., 2.4 GHz, feature a great potential for the smart test strip, as
they have excellent compatibility with existing cell phone antennas as well as better com-
pactness compared to NFC frequencies. However, limited choices of off-the-shelf RFID
sensor chips operating at 2.4 GHz were observed. Here, an inkjet-printed tag antenna on
filter paper operating around 2.4 GHz is presented to demonstrate the potential of operating
the smart test strips at wireless frequencies. A meander line dipole antenna, as shown in
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Figure 5.8, was designed due to its inherent miniaturization properties thus enhancing flex-
ibility and wearability. The antenna was simulated by a full-wave simulator (Ansoft HFSS)
and was measured by a Rhode and Schwartz ZVA-8 Vector Network Analyzer (VNA)
with results shown in Figure 5.9. A good impedance matching with a maximum gain of
1.3 dBi was observed, which is comparable to other inkjet-printed antennas on paper sub-
strates[104] and verifies the feasibility of smart test strips operating at wireless frequencies.
5.2 Chipless RFID Configuration
As mention before, the cost of ICs dominates the cost per each RFID tag while most of the
system cost is spent on the tags, thus making it a major concern in the design and adoption
of a low-cost RFID system. In addition to manufacturing costs, regardless of active or pas-
sive tags, the ICs in the tags need a certain power to “wake up”, which further complicates
the design of RFID systems and imposes limitations on their uses. In addressing the above-
mentioned problems, researchers have proposed various designs on RFID tags with the IC
components removed — chipless RFID tags. Being cost-effective and straightforward in
design, chipless RFID tags have drawn a significant amount of attention from researchers
as evidenced in [131, 132, 133, 134].
5.2.1 Frequency Modulation: Encodable Chipless RFID
The microfluidics-based encodable chipless RFID tags operate as shown in Fig. 5.10. Com-
pared to conventional chipless RFID’s, an encoding/tunable multiresonator component is
integrated and is the key component of the system. Multiresonators, such as multiple spi-
ral resonators, are commonly embedded in chipless RFIDs due to their inherently simple
geometry along with an excellent frequency-coding capability [131, 133]. The key of the
real-time encoding mechanism is to shift the resonant frequency of the spiral resonator in a
chipless RFID, and this can be done by changing on-the-fly the resonator’s capacitance in
the following way: By embedding a microfluidic channel in the spiral’s gap between adja-
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cent turns, the capacitance of the gap can be tuned by altering the status (“filled”/“unfilled”)
of the microfluidic channel, due to the large difference in the relative permittivity between
air and water (1 and 80 respectively)[135]. Given that the resonant frequency shifts in re-
sponse to status changes in the microfluidic channel, the data encoding mechanism was
designed in the following way: the original resonant frequency (event “unfilled”) repre-
sents code ‘0’ and shifted (event “filled”) represents code ‘1’. The chipless RFID is fully
inkjet-printed with the process discussed in section 3.1.4 to enable low-cost fast on-demand
manufacturing, and fabricated tag can be found in Figure 5.11
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Figure 5.10: Block diagram of the microfluidics-encodable chipless RFID tag operation
principle.
Encoding module
The proof-of-concept chipless RFID encoding module in Figure 5.12a consists of three
spiral resonators and three microfluidic channels, one on top of each spiral. Multires-
onators, especially spiral resonators, are commonly used in chipless RFIDs due to their
simple structure and frequency-code capability [131, 133]. By embedding a microfluidic
channel in the spiral resonator’s gap between adjacent turns, the capacitance of the gap
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Figure 5.11: Photo of a prototype of all-inkjet-printed microfluidics-encoded chipless RFID
tag including the receiving and the transmitting ultrawideband antennas.
can be tuned by changing the status (“filled”/“unfilled”) of the microfluidic channel as the
relative permittivity of air and water is 1 and 80, respectively[135]. The resonant frequency
would shift due to this capacitance change, enabling the encoding mechanism: the original
frequency represents code ‘0’ and shifted represents ‘1’. As the RFID module can be tog-
gled by filling or removing the water (or a different liquid) in the channel, one simple way
to achieve that is to cover the prototype with a elastomer adhesive film and press “buttons”
in Figure 5.13a and Figure 5.13b. There are numerous other possible passive or active ways
to realize this functionality, such as using electrowetting to change the surface tension of
liquids or using digital microfluidics to deliver liquid droplets. The three spirals have the
sizes of 5 mm by 4.4 mm, 4.4 mm by 4 mm and 4 mm by 3.6 mm with 0.7 mm trace
width and 0.3 mm gap between adjacent turns. The signal line width is 0.7 mm, and the
embedded microfluidic channels feature 500 µm width and 50 µm height, which requires
less than 0.5 µL to fill a whole channel.
To test the encoding capability of the chipless RFID encoding module, the insertion
loss (S21) values are measured for all 3-bit code combinations. The measurements agree
well with the simulations in the resonant frequencies as shown in Figure 5.14, and the six









Figure 5.12: A photo (a) and a drawing (b) of the microfluidics-based tunable chipless
RFID encoding module along with two photos of bending in two directions around a dollar














Figure 5.13: (a) A side view of how to encode the RFID by pressing the “button”. (b)
A photo of a realization of the above mentioned method by covering the prototype with a










Figure 5.14: Simulated and measured insertion loss (a) and phase delay (b) values of the
prototype for code “000” and “111” configurations in flat or bent for a 30 mm radius.
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Figure 5.15: Measured the insertion loss values of the prototype with the middle microflu-
idic channel filled by water glycerol mixtures while other two channels left empty.
Table 5.3: “Code” frequencies for every bit for the proof-of-concept encodable chipless
RFID in Figure 5.28
Bit Code
‘1’ ‘0’
Lowest bit 3.44 GHz 3.77 GHz
Middle bit 4.42 GHz 4.84 GHz
Highest bit 5.57 GHz 6.06 GHz
ure 5.16, an at least 8.4 dB insertion loss difference between ‘0’ and ‘1’ can be observed at
code ‘0’ frequencies, which facilitates the bit value differentiation. This power difference
is smaller at code ‘1’ frequencies, due to the lossy nature of water (especially in higher fre-
quency) selectively filling the microfluidic channels setting the values to ‘1’. The response
at code ‘1’ frequencies can be used as an add-on verification of the bit value, effectively
decreasing the bit error rate (BER). Embedding microfluidics in this chipless RFID module
empowers the tag to additionally conduct fluidic sensing. Besides magnitude, the phase of
the S21 can also show the resonant frequency shift to further increase the reading accuracy.





































Figure 5.16: Insertion loss of the prototype for various 3-bit code configurations at the
coding frequencies of the (a) lowest bit, (b) middle bit and (c) highest bit.
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(a) (b)
Figure 5.17: Photos of fabricated UWB monopole antennas for chipless RFID. (a)
Monopole antenna 1. (b) Monopole antenna 2.
in a “0X0” configuration with the tested fluid filling only the channel on the middle bit
resonator, modifying the resonant frequency of the middle resonator and keeping the other
two bits unchanged. As the printed microfluidics and electrodes are extremely thin and
the substrate is flexible, the fabricated prototype displays a very stable performance during
bending, as shown in Figure 5.14. The prototype can be easily bent for radii down to at least
12 mm without breakage in Figure 5.12c, which enables various wearable and conformal
applications.
UWB antenna
Two tag antennas are used to enable an effective wireless interrogation of the multi-
resonator-based chipless RFID covering all required ”bit” resonant frequencies. Due to the
wide frequency operation range of the multi-resonator encoding module, the tag antennas
need to operate at a very large bandwidth: 3 GHz to 6.5 GHz according to the above mea-
surements. Also, in order to minimize the interference between the transmitting and the re-
ceiving antennas, they were chosen to be linearly polarized in perpendicular directions due
to their different feeding topologies shown in Figure 5.17, thus featuring a relatively high
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Figure 5.18: The simulated and measured values of S11 of the two ultrabroadband antennas
of the chipless tag.
cross-polarized isolation. Moreover, the designated reading direction was perpendicular to
the substrate and was aligned with the maximum radiation direction of both antennas. The
circular disc monopole antenna topology was chosen as it satisfied the above-mentioned
criteria with a simple geometry.
The two 14-mm-radius monopole antennas with perpendicular polarizations were sim-
ulated by Ansoft HFSS, prototyped by inkjet-printing technology as shown in Figure 5.17
and then measured with the Rhode and Schwartz ZVA-8 VNA. A 0.4-µm-wide and 9-mm-
long impedance transfer microstrip line was added to match both antennas to 50 Ohms. The
S11 of the two antennas is shown in Figure 5.18, demonstrating a good radiating perfor-
mance throughout the whole frequency range of operation. The small differences between
the two monopoles can be attributed to the different feeding structures, one of which in-
cludes a 90◦ bend. The gain was measured by two identical horn antenna at a distance
of 60 cm. As shown in Figure 5.19, both antennas feature a very wide frequency range
of positive gain. The radiation patterns would significantly influence the effective reading
area/direction and thus were simulated and measured, as shown in Figure 5.20. A higher
than 10 dB cross-polarized isolation in the maximum radiation direction can be easily ob-
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Figure 5.19: The simulated and measured values of the gain of the two ultrabroadband
antennas of the chipless tag in the maximum radiation direction.
served.
5.2.2 Phase Modulation: Smart Floating Balls
There are over 80,000 reservoirs in the US, meaning that potential water contamination
could have catastrophic health effects. Many reservoirs use floating “shadow balls” to save
water by reducing evaporation. What if those floating balls could simultaneously monitor
the reservoir water quality and give timely warning? Therefore, we propose the topologies
of smart floating balls with spherical antennas on top featuring omnidirectional radiation
performance along the plane of water surface along with embedded liquid wireless sensors
that are capable of detecting water contamination, such as oil and gas wastewater. These
smart floating balls can also be used in other liquid monitoring applications, such as crude
leakage in oceans.
The complex dielectric structure shown in Figure 5.21 would be extremely hard to
fabricate with any traditional fabrication methods due to the spherical 3D shape, hollow
interior and miniaturized microfluidic. However, the complexity of the structure can be





Figure 5.20: Co-polarized and cross-polarized radiation pattern of at 4 GHz, 5 GHz, 6
GHz and 7 GHz. Solid line stands for measured co-polarized radiation pattern; dashed











Figure 5.21: A graph of the smart floating ball and a cross-section photo of a proof-of-
concept prototype.
printing dielectric structures and then selectively metallizing them. The Form Labs clear
resin was used for the dielectric structure, featuring a permittivity around 2.8 and loss
tangent around 0.03. The metallization was realized by using the 3D printed stamp method
discussed in section 3.2.4. The fabrication of both complex shape smart floating ball and
the metallization stamp is carried out by a single low-cost stereolithography (SLA) 3D
printer (section 3.2.2), which can largely simplify the process and decrease the cost.
This section demonstrates a smart floating ball consisting spherical antennas and phase
delay line sensors, which can be used in the water reservoir to detect the floating water
contaminations such as oil and in other liquid monitoring such as crude leakage.
Spherical antennas and Antenna Array
The spherical patch antenna would be an excellent candidate for conformal design and
a nearly omni-directional radiation pattern along a plane. In this section, an array of four
patch antennas are designed onto a sphere. The spherical patch antennas are 16.2 mm long
to work at 5 GHz and 20 mm wide (bottom edge) to enable omni-directional coverage on
the water level plane. The bottom edges of the spherical patch antennas overlap with the
mid-plane of the sphere to reduce the loss of water and adjust the radiation pattern.
In order to fully characterize the antenna, the two models shown in Figure 5.22 are




Figure 5.22: Photos of fabricated prototypes of (a) four spherical patch antennas, (b) a 4×1
patch array around the top hemisphere interconnected with a power splitter on the bottom
plane, and (c) a smart floating ball based on the spherical patch antennas floating on water.
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Simulated S11 in water
Simulated S21 (adjacent) in water
Simulated S31 (opposite) in water
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Figure 5.23: Performance of the four antennas on the sphere. Measured and simulated
values in air and simulated values in water for (a) return loss of the antenna and coupling
between antennas, (b) gain.
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(a) (b)
Figure 5.24: Performance of the four antennas on the sphere. Measured and simulated
values in air and simulated values in water for normalized radiation pattern (a) in phi=90◦
and (b) in theta=90◦.
tively. Figure 5.23a shows both a great matching of the spherical patch antenna and more
than 30 dB isolation with the antennas on the adjacent and the opposite sides. The higher
resonant frequency in Figure 5.23a and the higher gain in Figure 5.23b featured by a ball
partially submerged in the water are due to the high conductivity of the water that func-
tions as an extended ground plane making the antenna more directive. This can be seen in
the radiation patterns in Figure 5.24a and Figure 5.24b as well. To feed the four antennas
with an equal phase, a 5-port power spliter is designed with 1.5 mm width for the quarter-
wavelength impedance transformer and 0.7 mm width for the 100 Ohm microstrip line as
shown in Figure 5.22b. The array is well matched as shown in Figure 5.25a and the mea-
sured gain agrees with the simulations as well in Figure 5.25b. Figure 5.26a shows a very
good gain for theta from 45◦ to 75◦, which is effectively pointing above the water level
and aiming to the shore/dam where the reader can be easily set up. Figure 5.26b shows
an omnidrectional gain over the phi direction enabling reliable communication no matter
how the ball rotates along phi. This antenna provide a diversity in terms of space/direction
which can be used in multiple-input and multiple-output (MIMO) applications.
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Figure 5.25: Performance of the antenna array on the sphere. Measured and simulated
values in air and simulated values in water for (a) return loss of the antenna and coupling
between antennas, (b) gain.
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(a) (b)
Figure 5.26: Performance of the antenna array on the sphere. Measured and simulated
values in air and simulated values in water for normalized radiation pattern (a) in phi=90◦
and (b) in theta=90◦.
Phase delay line sensor
A liquid-reconfigurable microstrip line topology including a signal line that is 3mm
long with a cross section of 1mm × 1mm and a distance of 1.6mm from the horizontal
ground plane (Figure 5.27a) is designated as a reconfigurable phase delay line sensor. As
shown in Figure 5.27, the topology includes a liquid channel on top of the signal line with
0.5mm distance and a ground plane on the bottom. Typical water contamination liquids,
especially organic ones such as oil (relative permittivity: 2.64), have a very low permittivity
comparing to water (relative permittivity: 78)[19]. This dramatic change in the permittivity
leads to a change of the effective permittivity of the microstrip line and thus additional
phase introduced by that line. Figure 5.27c shows the measured values of S11 of the phase
delay line with the phase shift being almost linearly proportional to the relative permittivity
values (e.g. 30 degrees for an oil-filled channel). Therefore, by using this phase delay line
to monitor the permittivity value of the liquid filling the channel, we can monitor if the














Figure 5.27: (a) A photo of the phase delay line liquid sensor with red dyed water inside
the 3D printed microfluidic channel. (b) A cross-section view of the phase delay microstrip

















Figure 5.28: Circuit schematic of the chipless RFID.
The spherical patch antenna on the top hemisphere and the phase delay line in the
bottom hemisphere serve for communication and sensing purposes, respectively, effectively
collecting and transmitting the contamination information in a chipless RFID fashion, as
shown in Figure 5.21. By adjusting the weight on the bottom of the ball, as shown in
Figure 5.21, the water level is designed to be right above the fluid channel and beneath the
antenna feeding microstrip line as shown in Figure 5.22c. In this way, the loss induced
by water can be reduced and the contamination on water surface can be easily detected by
the phase delay line sensor, that is folded towards the center of the ball so that the sensor
is sensitive only to the liquid inside the channel without being sensitive to waves. Phase
calibration can be performed effectively by utilizing the phase of the reflection coefficient
at the interface between the antenna feeding the 50 Ohm line and the reconfigurable phase
delay line as a reference phase[136]. Figure 5.28 shows an example circuit schematic
of the equivalent chipless RFID configuration consisting of a reconfigurable phase delay
microstrip line that is connected to the spherical patch antenna through a 2.7-mm wide and
5.7-mm long 50 Ohm microstrip line. The phase Φ0 of the reflection from Γ0 between the
two microstrip lines is not related to the liquid inside the channel while the phase Φ1 of the
reflection from Γ1 between the phase delay line and the open termination changes with the
permittivity of liquid inside of the channel. In this way, by dividing Φ0 from Φ1, the phase
difference induced by the phase delay line can be calculated.
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5.3 Summary
This chapter shows three proof-of-concept RFID sensor tag designs: the “smart test strip”,
the “encodable” chipless RFID, and the “smart floating balls”. The former one uses a
passive RFID with chip while the latter two take two different chipless approaches: fre-
quency modulation using a multi-resonantor and phase modulation using a phase delay
line, respectively. The former two are accomplished by inkjet-printing, a low-cost additive
manufacturing method, which allows for a disposable, lightweight, flexible, scalable, and
time-and-effort-efficient fabrication, while the latter one uses 3D printing and a 3D stamp
approach for complex 3D shape manufacturing.
The “smart test strip” is a novel low-cost wireless platform for comprehensive next-
generation liquid sensing that combines uPAD (paper-microfluidics) and RFID technolo-
gies[137]. This platform enables the integration of multiple chemical and electrical sensors,
thus multi-functional, highly reliable and comprehensive liquid sensing can be realized.
IDEs based on inkjet-printed electrical sensors were presented and evaluated with an ex-
cellent capability to distinguish sodium chloride solutions of different concentrations and
various organic liquids. Proof-of-concept RFID/NFC tags at 13.56 MHz and 2.4 GHz were
designed and an NFC-based smart test strip was measured with a commercial reader fea-
turing 1.33 Ω average minimal detectable resistance change in the range from 0 to 1300
Ω. The proposed smart test strips could find numerous applications, that would include,
among others, manufacturing control, water quality monitoring, and point-of-care medical
diagnostics.
The “encodable” chipless RFID is a novel way to enable encoding chipless RFID with
microfluidics-based tunable multi-resonators on-the-fly[120]. Three microfluidics-based
reconfigurable spiral resonators are used to obtain tunable “code” frequencies and encode
the RFID with less than 0.5 µL of water per bit. Two inkjet-printed cross-polarized ultra-
wideband (UWB) circular disc monopole antennas are utilized to enable wireless opera-
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tion. The proposed chipless RFID tag is capable of sensing various fluids (e.g. identifying
different water-glycerol mixtures) while featuring a good flexibility. Both the phase and
magnitude information of the backscattered signal can be used in identifying the code inde-
pendently. The proposed encodable chipless RFID tag can be used in various applications,
such as Lab-on-Chip (LoC) and Internet-of-Things (IoT).
The “smart floating ball” uses a chipless RFID phase modulation configuration along
with spherical patch antennas and phase delay microstriplines that are sensitive to the liq-
uid content[138]. The spherical patch antenna array provides omni-directional gain in the
water level plane and can be used in MIMO applications in the water. The phase delay line
utilizes a microfluidic channel embedded into the microstripline so that the phase intro-
duced by the line can be reconfigured by the liquid inside the channel. The smart floating
ball can monitor reservoir water quality while preserving its original function as a “shadow
ball” featuring low-cost, light-weight, and battery-less performance, which are important
features for massively scalable “smart” systems.
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CHAPTER 6
ORIGAMI ANTENNA TREE RECONFIGURABLE ANTENNAS BASED ON
LIQUID METAL ALLOY
Antennas are critical components of communication and radar systems, so their common
inability to adjust to new operating scenarios can impose significant limitations on system
performance. Reconfigurable antennas, on the other side, can adapt to changing system
requirements or environmental conditions; they can eliminate these restrictions and pro-
vide additional levels of functionality for any system while adding substantial degrees of
freedom and functionality to the communication systems [139]. The need of such recon-
figurability can be fulfilled by a single reconfigurable antenna or a platform that integrates
multiple antennas. However, the single-platform integration of numerous antennas can be
challenging due to high interference. To achieve superior reconfigurability than virtually
any single reconfigurable antenna while preventing most interference, this section demon-
strates the first antennas “tree” configuration: an integration of antennas that feature recon-
figurable capability in all aspects, such as frequency, radiation pattern, and polarization.
Liquid metal alloy (LMA), especially Eutectic Gallium-Indium (EGaIn), features a
great potential in reconfigurable electronics due to its non-poisonous, high-conductivity,
flow-able and stretchable properties [31]. EGaIn is an alloy with 75%wt Gallium and
25%wt Indium, which features a 15.5 ◦C melting point and a 29.4 × 10−6Ω*cm resistiv-
ity that enables high-performance electronic designs [31]. Due to its liquid nature, LMA
ensures a “never-fail” bending and self-healing even if cracks occur under extreme folding
conditions, which facilitates the realization of rugged flexible/compressible LMA anten-
nas. The bulk viscosity of EGaIn is 1.9910 mPa*s (twice of water, one 4000th of ketchup),
which enabling trouble-less flowing in the channels. With the help of microfluidics, a tool
that allows the manipulation of small amounts of liquids, LMA can be transferred within
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structures of various shapes[109]. Furthermore, unlike all solid materials, liquid metal
is stretchable with literally no failure point and is only limited by the channel’s stretcha-
bility. This excellent flexibility facilitates bending as much as needed, although it could
complicate the accurate control of the mechanical deformations of the antenna structure.
Reconfigurable antennas based on LMA are investigated in this chapter, which features
minimal interference and maximal reconfigurability in different methods.
As an effective solution for mechanical reconfiguration, origami-based radio frequency
(RF) structures have been reported both without and with 3D printing [140, 141], in which
the breakage along the fold lines is one of the biggest challenges. As mentioned above,
the breakage of metal during bending can be effectively resolved through the use of LMA.
Moreover, to reduce the stress of substrates along the fold lines while maintaining the
correct structure, a Voronoi topology is introduced to the microwave structures for the
first time. A Voronoized shape is an equivalent “skeleton” (frame) of original continuous
solid structures using the Voronoi graph of boundary points, which provides a lightweight
representation of objects with much less material [142].
The “tree” structure combines LMA microfluidics channels, 3D antenna structures, and
origami Voronoi supports, which lead to a rather sophisticated 3D topology, which is hard
to fabricate with conventional fabrication methods. However, with 3D printing, the struc-
ture can be easily fabricated in a cost efficient and fast prototyping fashion which allows
various on-demand antennas to be integrated on the same antennas “tree” within hours.
This chapter presents the first-of-its-kind 3D printed antenna “tree” that can integrate
virtually any antenna and is capable of reconfiguring in frequency, radiation pattern and po-
larization by filling/unfilling the LMA or folding/unfolding the origami scaffolding struc-
ture, enabling numerous potential applications including wireless communications, flying
and space platforms, collapsible/portable radars, and satellite communications. First, a sim-
ple FDM 3D printed LMA reconfigurable helical antenna is studied. Then, an advanced
helical and zigzag antenna tree is carried out with SLA printing based on the initial proto-
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type. Finally, a “Chinese Fan” bowtie antenna is presented.
6.1 Initial Prototype of Helical Antenna
An axial-mode helical antenna is a 3D directional antenna with circular polarization. The
directivity (or maximum gain) of the antenna is closely related to the number of turns of
the helix. The mathematical approximation [143] is
DdB = 11.8 + 10log(N) + 10log(C
2S/λ3) (6.1)
where N is the number of turns, C is the circumference, S is the spacing between turns
and λ is the wavelength. The directivity of the antenna grows with the number of turns as
the current in the increased turns would direct the radiation power to the end of the helix
(end-fire).
(a) (b)
Figure 6.1: Geometry (a) and photograph of a fabricated prototype (b) of the proposed
helical antenna.
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In this design, a cylinder on a square base with a helix channel inside is 3D printed,
as shown in Figure 6.1. By filling the LMA into the channel from the inlet to the bottom,
a helical antenna can be built. Thus, the number of turns is determined by the volume of
LMA filled, so the gain of the antenna can be controlled in use. With NinjaFlex (εr = 2.95
and tanδ = 0.06)[107] used, the helix radius is designed as 5.5 mm with a pitch of 8.7 mm
to work at 5 GHz. As the diameter of the channel is only 1 mm, the LMA needed for each
turn is only 34.6 µL, which is smaller than a drop of water.
As the impedance of the axial-mode helical antenna is much higher than 50 Ohms,
a quarter-wavelength impedance transformer is designed and used with its parameters in
Table 6.1. To eliminate the distance between the feedline and the channel inlet, the feed
line is designed on the top of the 3D printed base, and the ground is attached on the bottom
of the base as a microstrip line.
Table 6.1: Parameters for the feed line for the helical antenna in Figure 6.1
Name Width (mm) Length (mm)
Transformer inside the cylinder 1.4 4.5
Transformer outside the cylinder 2.2 4.7
50 Ohms line 3.1 10.3
The helical antenna is simulated and optimized with Ansoft HFSS and measured with a
vector network analyzer (VNA) and two horn antennas. In Figure 6.2, the gain at working
frequency range is shown with gain at full range inserted. There is an approximate 4 dB
gain difference between the 8-turn and 2-turn helical antennas. Therefore the proposed an-
tenna features a good tunability, as the directivity value increased by 1.5 times by changing
the volume by 0.2 mL. Figure 6.3a shows that the antenna is well matched and resonant
around 5 GHz regardless of the number of turns. The ripples at lower frequency are due to
the hole in the ground (channel inlet) and varying impedance of the antenna and the feed-
line at different frequencies. The simulated radiation pattern in Fig 6.3b also demonstrates
the directivity reconfiguration of the proposed antenna.
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Figure 6.2: Measured and simulated gain value of the helical antenna with different turns
of helix filled with LMA.
6.2 Helical and zigzag antenna
Based on the reconfigurable helical antenna in the previous section, a proof-of-concept mul-
tiple antenna integrated “antenna tree” can be build by adding another special helical an-
tenna, a zigzag antenna. Figure 6.4 shows the proof-of-concept structure, which can be seen
as a tree, while each antenna along with its impedance transformer represents a “branch”.
All antennas share the same feed, which can be seen as the “root” of the tree, as shown in
Figure 6.5b. This antenna tree can be reconfigured in three ways: switching between anten-
nas through the use of microfluidics, tuning the filling volume of LMA, and compressing
the origami structure. First, through the use of microfluidics switches, LMA can be easily
directed to a specific impedance transformer and antenna while other “branches” are left
empty thus preventing any significant interference to the working “branch.” In this way, the
antennas “tree” can integrate any antenna that can be realized with LMA, while all these




Figure 6.3: (a) Measured and simulated return loss value and (b) simulated radiation pattern














Figure 6.4: A photo of the 3D Printed origami antenna tree. The zigzag antenna and its
matching circuit are marked in blue while helical antenna and its matching circuit in yellow.
a zigzag antenna and a helical antenna, are presented as shown in Figure 6.4. Besides
switching between the “branches”, the proposed configuration can also be used to accu-
rately control the volume of filling LMA (e.g., number of turns), similar to the approach
described in section 6.1. For example, for the zigzag and helical antenna, the number of
turns of the antenna depends on the volume of LMA, which changing the maximum gain
of the antenna. As a result, the gain of the antennas can be tuned [108], by filling different
volume. The filling and unfilling of the “branch” can be realized by microfluidics pumps
and controlled by microcontrollers.
Without loss of generality and for proof of concept demonstration purposes, a regular
helical antenna (circularly polarized) and a zigzag antenna (linearly polarized) were fabri-
cated on the “tree”. To obtain different polarization, a regular helical antenna and a zigzag
antenna which is a special case of helical antenna with linear polarization, are fabricated
in the tree. The two antennas were simulated and optimized with Ansoft HFSS with their







































Figure 6.5: Top view (a) and side view (b) of the 3D model of the proposed “tree” with
dimensions. Certain transparency was added to assist understanding of the structure.
(a) (b)
Figure 6.6: (a) Pattern and parameters of a Miura-ori cell, which is the base for the zipper
tube. Reprint from [144]. (b) A photo of a 3D printed zipper-tube in compression.
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Table 6.2: Critical angle α and height of each segment for the origami zipper tube in
Figure 6.4
Status α1 l (mm)
Compressed (maximum) 35 7.3
Original 90 17.2
Streched (maximum) 150 23.5
Origami scaffolding with Voronoi
A zipper-tube based scaffolding origami structure is utilized that allows the mechanical
reconfigurability of all antennas through mechanical folding and compression. A typical
symmetrical unit cell for a zipper-tube is realized by overlapping two symmetry Miura-ori
unit cells (Figure 6.6a) along with their edges, and for antennas like zigzag antennas and
helical antennas, each zipper segment can be attached to one turn/repeatable element, thus
allowing multiple structures to get actuated simultaneously. The height of each segment
(l) and the shape of the zipper tube depends on a single critical angle, α1, controlling the
compression/stretching status of the “tree” as shown in Table. 6.2 [144], which facilitates
the easy tuning of the attached structures. A proof-of-concept three-segment zipper tube
origami structure is fabricated to mechanically tune the two “tree” antennas as shown in
Figure 6.4.
The dielectric origami and microfluidic structures, as shown in Figure 6.4, are additively
manufactured using a stereolithography (SLA) 3D printer, FormLabs form 2, as described
in section 3.2.2. FormLabs flexible resin (FLGR02), featuring 80% maximum elonga-
tion and great flexibility, was chosen. However, origami structures usually feature hinges
with very small bending radius, and the endurance of this material is limited so that the
structure may break at hinges after 15-20 times of compression. This issue could not be
resolved by simply decreasing the thickness as a thinner wall would largely affect printing
performance. Therefore, Voronoi, a topology to reconstruct the model into a skeleton-like
structure without changing the macro shape was used to reduce the stress of the material
[142] while drastically saving material and production time. Voronoi is texture generated
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by randomly selecting seed point and uses the midline between any two adjunct seed as the
texture line. Due to the randomness, the structure can be well represented by the texture.
After Voronoized the origami structure, more than 200 cycles of compression have been
performed, and no breakage was found. Figure 6.6b shows compressing the Voronoized
origami zipper tube with two fingers.
Branch No. 1: Zigzag antenna
A zigzag antenna was designed to work at 5 GHz. The prototype was measured with
a vector network analyzer (VNA) for the original (uncompressed), maximum compressed
and maximum stretched states. The radiation patterns were measured with the setup shown
in Figure 6.8. Figure 6.7a shows a good matching for various folding states, which ensures
the effective radiation performance of different mechanical reconfiguration states. The re-
spective simulated and measured radiation patterns are shown in Figure 6.9. As the zipper
got compressed, the zigzag antenna featured a trend to shift from directional to omnidirec-
tional radiation patterns, and the 3dB beam width (HPBW) increased from 28◦ (original)
to 60◦ (compressed),
Branch No. 2: Helical antenna
The second antenna is a helical antenna, which features a good impedance matching
and a radiation pattern variance for different states of mechanical deformation as shown in
Figure 6.7b and Figure 6.10. Similar to the zigzag antenna, when fully compressed, the
HPBW of the helical antenna increased from 60◦ to 90◦.
6.3 Bow-Tie “Chinese Fan” antenna
The bow-tie antenna is a simple antenna configuration as well as an extended form of the
dipole antennas, which have a wider bandwidth because of the triangle area. The bandwidth
of the bowtie antenna depends on the apex angle of the isosceles triangle, as shown in
Figure 6.11a. By applying the Chinese fan structure to the bow-tie antenna, the apex angle




Figure 6.7: Measured and simulated S11 of the zigzag antenna (a) and the helical antenna
(b) under different folding states. The fabricated wall of microfluidics channel is thinner











Figure 6.8: Measurement setup for the radiation pattern of the zigzag antenna. A horn
antenna and roatation station were used to measure the zigzag antenna.
(a) (b)
Figure 6.9: Measured and simulated normalized radiation pattern of the compressed (a)
and of the original (b) zigzag antenna at 3 GHz.
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(a) (b)
Figure 6.10: Measured and simulated normalized radiation pattern of the compressed (a)
and of the original (b) helical antenna at 5 GHz.
can be changed by folding and unfolding the Chinese fan. In the same time, the distance
between the two folded triangles can be easily varied by folding the fan sides in different
relative angles, so that the resulting capacitance is increasing and the imaginary part of the
input impedance is decreasing. That effectively leads to a higher resonating frequency of
the structure.
The proposed bow-tie antenna was designed and optimized with Ansoft HFSS simula-
tions with the return loss shown in Figure 6.12 for a 50 Ω. A resonant frequency shift from
896 MHz to 992 MHz can be observed from no compression (80◦ apex angle) to maximum
compression (20◦). The bandwidth of the antenna depends on both the real input impedance
(imaginary part is 0) and the input impedance slope near that frequency. The -10 dB band-
width in Figure 6.12 shows the result of both factors. Figure 6.13 shows the slope (the
Z11 value variance per frequency) from “no compression” to “maximum compression”, in
which the slope of the real part of input impedance is increased from 0.113 Ω/MHz to
0.149 Ω/MHz (32% increase) while the slope of imaginary part is relatively stable (<7%

















Figure 6.11: Geometry (a) and photographs of a prototype (b, c) of the proposed “Chinese
fan” bow-tie origami antenna. In (a), the red part is the 3D printed origami structure and
the blue part stands for the microfluidic channel to contain LMA. In (b), the right fan is in
its original state with a 80 degree apex angle and the left fan is compressed by two fingers
to achieved a 30 degree apex angle. In (c), the antenna is folded up to show the flexibility.
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Figure 6.12: S11 of the bowtie antenna for various apex angles.
Figure 6.13: The slope, variance of the real part and imaginary part of the antenna in-
put impedance per frequency (Ω/MHz), at the frequency of zero imaginary impedance for
various apex angles.
6.4 Summary
This chapter presents the reconfigurable antenna “tree”, a novel approach to realize inte-
grated reconfigurable antennas by combining LMA microfluidics and origami structures.
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This approach can be realized only through the recent developments in flexible 3D printing
technologies that enable the quick prototyping of on-demand 3D foldable/compressible an-
tennas. Three proof-of-concept prototypes are presented. Firstly, a helical antenna with re-
configurable directivity/radiation pattern is designed by changing the number of turns of the
helix which can be controlled by the volume of LMA[108]. A more than 4 dB gain increase
around 5 GHz is measured with the prototype when the number of turns of helix increases
from 2 to 8 (0.2 mL LMA volume change), which demonstrates the reconfigurability of
the proposed helical antenna. Secondly, a helical and zigzag antenna is presented, featur-
ing dual-band (3GHz/5GHz) capability and different polarizations (linear/circular) along
with varying radiation patterns / 3dB beamwidth (28◦ to 60◦ and 60◦ to 90◦) with “tree”
compression[145]. An origami structure, the zipper tube, coupled with Voronoi topology
implementations is utilized as the scaffolding structure facilitating the mechanical tuning of
the radiation pattern while minimizing storage requirements. Thirdly, inspired by Chinese
origami fan, a bow-tie antenna featuring a frequency tuning range from 896 MHz to 992
MHz and bandwidth reconfigurability is studied[146]. Overall, this “antenna tree” can ef-
fectively adapt to various dynamically changing scenaria and can be potentially applied in






This research interfaces additive manufacturing, microfluidics, and microwaves, so the con-
tributions are also listed for the three aspects. Fabrication is the foundation of designs and
mainly decides whether the devices can be widely used due to the cost. Microfluidics sens-
ing and reconfigurable electronics are two major applications of these devices, which are
essential for the internet-of-things systems.
7.1.1 Fabrication Process
AM process, including both inkjet printing and 3D printing, can facilitate low-cost on-
demand environmental-friendly fast prototyping and is one of the keys to ensure the ubiq-
uitousness of the IoT system.
1. Inkjet printing process
a. Ink characterization
Two polymer inks, PMMA and SU8, are characterized for the first time. Phe-
nomena such as coffee ring effect of these inks are studied.
b. Inkjet printing for electronics
Inkjet printing various silver nanoparticles inks on various substrates, including
porous substrates like filter paper and low surface energy substrate like PMMA,
are presented for the first time.
c. Inkjet printing for bonding
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Inkjet printing SU8 to precisely bond two substrates, including two PMMA
sheets and PMMA with paper, is studied in depth for the first time.
d. Inkjet printing for molding
Inkjet printing molding is presented for the first time that enables fabrication
of 2.5D pattern with many thermosetting polymers, including PDMS for soft
lithography and microfluidics.
e. Fully inkjet printed microfluidics
The first fully inkjet printing process enables virtually any arbitrary 3D struc-
tures including 3D microfluidics, cavities, and overhangs, on virtually any sub-
strates. Comparing to other 3D printing processes, this process enables fabrica-
tion of extremely small microfluidics channels that are one-thousandth of other
3D printed channel cross-section areas.
f. Inkjet printed paper microfluidics
The first paper microfluidics process with inkjet printing polymers along with
the transition from conventional stand-alone microfluidics to paper microflu-
idics enables printing various microfluidics structures with the same platform -
inkjet printing.
2. 3D printing process
a. 3D dielectric printing
The first attempts at printing microfluidics-based antennas with FDM, SLA
printing, which enables fast, low-cost, and on-demand prototypes of 3D re-
configurable electronics.
b. Liquid metal alloy in 3D printed channel
For the first time, the liquid metal alloy is used in a 3D printed dielectric channel
as the conductor to enable reconfigurable electronics.
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c. Selective metalization of 3D surface
Two methods, 3D conformal stamp and SAP, are proposed and realized for the
first time that can selectively metalize the surface complex 3D shape that can
enable complex and conformal 3D electronics.
7.1.2 Microfluidics Sensing
The wireless microfluidics sensors could find numerous applications, that would include
but not be limited to, distributed healthcare, lab-on-chip (LoC), manufacturing control,
water quality monitoring, and point-of-care medical diagnostics.
1. Passive components
a. A variety of microwave passive components, including resonators (dual-spiral
slot resonators, dual T resonators, and split ring resonators), antennas (patch an-
tenna, loop antenna along with a balun, and slot waveguide antenna), and trans-
mission lines (microstrip line and step impedance low pass filter), are combined
with microfluidics and become novel wireless microfluidic sensors. All of them
only require a liquid volume less than one drop of water to perform successful
sensing.
b. Resonators shows superior sensitivities compared to the literature, among which
the dual-spiral slot resonator features the highest sensitivity as a 44% frequency
shift for permittivity from 1 (empty) to 73(water-filled).
2. RFID systems
a. Comprehensive sensing platform
The “smart test strip” is the first-of-its-kind platform for comprehensive next-
generation liquid sensing that combines uPAD (paper-microfluidics) and RFID
technologies. This low-cost wireless platform enables the integration of multi-
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ple chemical and electrical sensors. Thus multi-functional, highly reliable and
comprehensive liquid sensing can be realized.
b. Frequency modulated chipless RFID
The “encodable” chipless RFID is a novel way to enable encoding chipless
RFID on-the-fly, not with a chip but with microfluidics-based tunable multi-
resonators.
c. Phase modulated chipless RFID
The “smart floating ball” is the first “shadow ball” that can monitor reservoir
water quality while protecting water from evaporation as well as contamination.
7.1.3 Microfluidics-enabled Reconfigurable Electronics
Reconfigurable electronics can easily adapt to changing system requirements or environ-
mental conditions; they can eliminate these restrictions and provide additional levels of
functionality for any system while adding substantial degrees of freedom and functionality.
Microfluidics structures can replace MEMS in many aspects of reconfigurable electron-
ics, as they feature a much lower cost, a good high-power handling capability, excellent
flexibility, and a wider tunable range in many cases.
1. Based on dielectric liquids
Similar to the microfluidics sensing components, a variety of novel tunable mi-
crowave passive components, including antennas, transmission lines, low pass filters
based on transmission lines, and resonator-based bandstop filters, are realized with
dielectric liquid in the microfluidic channel.
2. Based on liquid metal alloy (LMA)
a. Reconfigurability based on origami scaffolding and mechanical folding
For the first time, origami scaffolding structures with Voronoi textures are inte-
grated with the antennas to enable the mechanical compression and stretching
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of the antenna; thus the operation (e.g., radiation pattern) changes with the fold-
ing.
b. Reconfigurability based on filling volume
For the first time, the operation of the antenna (e.g., directivity) is controlled by
the volume of LMA.
c. Integration of multiple 3D antennas on one “tree”
Utilizing microfluidics channel, multiple 3D antennas are integrated together
and switched by LMA to minimize the interference for the first time.
7.2 Publications and Patents
During four years and eight months’ study, I have published 11 papers (three papers as the
first author) in top-tier electrical and general-topic journals, 20 papers (11 papers as the
first author) in top-tier microwave/sensor conferences, one book chapter, and three patents
/ provisional patents.
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J1. Wenjing Su and Manos M. Tentzeris, “Smart Test Strips: Inkjet-printed Paper Mi-
crofluidics RFID-based Platforms for Next-Generation Wireless Comprehensive Flu-
idic Sensing,” IEEE Transactions on Industrial Electronics (TIE), 64, no. 9 (2017):
7359-7367.
J2. Wenjing Su, Benjamin S. Cook, Yunnan Fang and Manos M. Tentzeris, “Fully inkjet-
printed microfluidics: a solution to low-cost rapid three-dimensional microfluidics
fabrication with numerous electrical and sensing applications,” Scientific Reports, 6
(2016): 35111.
J3. Wenjing Su, Benjamin S. Cook and Manos M. Tentzeris, “Additively Manufactured
Microfluidics-Based “Peel-and-Replace RF Sensors for Wearable Applications,” IEEE
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Transactions on Microwave Theory and Techniques (TMTT), vol. 64, no. 6, pp.
1928-1936, June 2016.
J4. Syed Abdullah Nauroze, Jimmy Hester, Bijan Tehrani, Wenjing Su, Jo Bito, Ryan
Bahr, John Kimionis, Manos Tentzeris, “Additive Manufactured RF Components and
Modules: Towards Empowering the Birth of Cost-efficient Dense and Ubiquitous IoT
Implementations,” Proceedings of the IEEE, 105 (4), 702-722, invited.
J5. Yunnan Fang, Jimmy Hester, Wenjing Su, Justin H. Chow, Suresh K. Sitaraman, and
Manos M. Tentzeris, “A bio-enabled maximally mild layer-by-layer Kapton surface
modification approach for the fabrication of all-inkjet-printed flexible electronic de-
vices,” Scientific Reports, 6 (2016): 39909.
J6. Jimmy Hester, Sangkil Kim, Jo Bito, Taoran Le, John Kimionis, Daniel Revier,
Christy Saintsing, Wenjing Su, Bijan Tehrani, Anya Traille, Benjamin S Cook, Manos
M Tentzeris, “Additively Manufactured Nanotechnology and Origami-Enabled Flex-
ible Microwave Electronics,” Proceedings of the IEEE, 103, no. 4 (2015): 583-606,
invited.
J7. Kenyu Ling, Wenjing Su, Minyeong Yoo, Kyeongseob Kim, Benjamin Cook, Manos
M. Tentzeris, and Sungjoon Lim, “Microfluidic Tunable Inkjet-Printed Metamaterial
Absorber on Paper,” Optics Express, vol. 23, Issue 1, pp. 110-120 (2015).
J8. Sungjin Choi, Wenjing Su, Manos M. Tentzeris and Sungjoon Lim, “A Novel Fluid-
Reconfigurable Advanced- and Delayed-Phase Line Using Inkjet-printed Microflu-
idic Composite Right/Left-handed Transmission Line,” IEEE Microwave and Wire-
less Components Letter (MWCL), vol. 25, Issue 2, pp.142-144 (2015).
J9. Chiara Mariotti, Wenjing Su, Benjamin S. Cook, James R. Cooper, Luca Roselli and
Manos M. Tentzeris, “Development of Low Cost, Wireless, Inkjet Printed Microflu-
idic RF Systems and Devices for Sensing or Tunable Electronics,” IEEE Sensors
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Journal, vol no.99, pp.1,1 (2014).
7.2.2 Refereed Conference Proceedings
C1. Wenjing Su, Shicong Wang, Ryan Bahr, and Manos M. Tentzeris, “Smart Floating
Balls: 3D Printed Spherical Antennas and Sensors for Water Quality Monitoring”,
IEEE International Microwave Symposium (IMS), Philadelphia, Pennsylvania, 2018
C2. Wenjing Su, Ryan Bahr, Syed Abdullah Nauroze, and Manos M. Tentzeris,“Novel
3D-Printed “Chinese Fan” Bow-Tie Antennas for Origami/Shape-Changing Config-
urations”, IEEE Symposium on Antennas and Propagation (APS), San Diego, Cali-
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3D printed Liquid-metal-alloy microfluidics-based zigzag and helical Antennas for
Origami Reconfigurable Antenna “Trees””, IEEE International Microwave Sympo-
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C5. Wenjing Su, Ryan Bahr, Syed Abdullah Nauroze, Manos M. Tentzeris, “3D Printed
Reconfigurable Helical Antenna Based on Microfluidics and Liquid Metal Alloy,”
IEEE International Antenna and Propagation Symposium (APS), Fajardo, Puerto
Rico, 2016
C6. Wenjing Su, Qi Liu, Benjamin S. Cook, Manos M. Tentzeris, “All-inkjet-printed
Microfluidics-based Encodable Flexible Chipless RFID Sensors,” IEEE International
Microwave Symposium (IMS), San Francisco, USA, 2016
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